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Abstract

Measurements of vector boson polarization in vector boson production processes offer the pos-
sibility to probe the concrete mechanism of electroweak symmetry breaking and the innermost
gauge symmetry structure of the Standard Model. In addition, they are sensitive to effects of
new physics beyond the Standard Model. Since massive vector bosons can only be observed
as intermediate particles, polarized cross section templates from simulation are necessary to
extract their polarization from measurable unpolarized distributions. The Monte-Carlo event
generator SHERPA is not yet capable of simulating polarized cross sections.

In this work, a new implementation allowing the simulation of polarized cross sections for
vector boson production processes is presented and validated by comparison with literature
data at fixed leading order. It will be released in SHERPA version 3.0.0. With this imple-
mentation, polarized cross sections of all possible polarization combinations for an arbitrary
number of intermediate vector bosons can be simulated in a single simulation run by applying
a spin-correlated narrow-width approximation. In addition, it is possible to directly predict the
interference between different polarizations, and various polarization definitions can be studied.
NLO QCD corrections on polarized cross sections of vector boson production processes can be
approximately calculated, neglecting influences of virtual corrections on polarization fractions.
First applications of the implementation demonstrate that differences of this approximation to
full NLO QCD predictions are small. Merged calculations are another possibility to obtain NLO
QCD polarization corrections which is also tested within this thesis. Furthermore, the influence
of different polarization definitions on polarization fractions and polarized distributions of

vector boson scattering processes at fixed leading order is studied.






Kurzdarstellung

Messungen von Vektorboson-Polarisation in Vektorbosonproduktionsprozessen bieten die
Moglichkeit, den elektroschwachen Symmetriebrechungsmechanismus und die innere Eich-
struktur des Standardmodells zu untersuchen. Zudem sind sie sensitiv auf Effekte neuer
Physik jenseits des Standardmodells. Da massive Vektorbosonen nur als intermediére Teilchen
beobachtet werden konnen, ist die Simulation polarisierter Wirkungsquerschnitte notig, deren
Ergebnisse als Templates genutzt werden, um die Polarisation der Vektorbosonen aus den mess-
baren, unpolarisierten Verteilungen zu erhalten. Der Monte-Carlo-Eventgenerator SHERPA ist
bislang nicht in der Lage, polarisierte Wirkungsquerschnitte zu simulieren.

In dieser Arbeit wird eine neue Implementation, welche die Simulation polarisierter Wirkungs-
querschnitte fir Vektorbosonproduktionsprozesse ermoglicht, vorgestellt und durch Vergle-
ich mit Literaturdaten auf fester, fithrender Ordnung validiert. Sie wird mit der néchsten
SHERPA-Version 3.0.0 veroffentlicht. Polarisierte Wirkungsquerschnitte aller moglichen Po-
larizationskombinationen einer beliebigen Anzahl von intermedidren Vektorbosonen kénnen
damit innerhalb einer Simulation unter Verwendung einer spin-korrelierten Narrow-Width-
Approximation (sinngeméf: Niherung der schmalen Breiten) simuliert werden. Uberdies ist die
direkte Vorhersage der Interferenz zwischen verschiedenen Polarisationen moglich. Verschiedene
Polarisationsdefinitionen konnen untersucht werden. NLO QCD Korrekturen auf polarisierte
Wirkungsquerschnitte von Vektorbosonproduktionsprozessen kénnen naherungsweise unter
Vernachléassigung von Einfliissen virtueller Korrekturen auf die Polarisationsanteile berechnet
werden.

In ersten Anwendungen der Implementation wird gezeigt, dass die Unterschiede dieser Ndherung
zu vollen NLO QCD Vorhersagen klein sind. Merging-Rechnungen stellen eine andere Moglichkeit
dar, polarisierte NLO QCD Korrekturen zu erhalten, was ebenfalls in dieser Arbeit getestet wird.
Weiterhin wird der Einfluss verschiedener Polarisationsdefinitionen auf Polarisationsanteile
und polarisierte Verteilungen in Vektorbosonstreuprozessen auf fester, fithrender Ordnung

untersucht.
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1 Introduction

Understanding the fundamental constituents of matter and their interactions is the main goal
of elementary particle physics. In this research field those objects in the universe are studied
which cannot be subdivided further - elementary particles. The Standard Model of Particle
Physics (SM) is currently the best model to describe these particles, their properties and
especially the interactions between them. To prove its predictions, high energies are necessary
as accelerators such as the Large-Hadron-Collider (LHC) at CERN can provide them.

Even though the SM was developed over 50 years ago, its particle content was only completed
about 10 years ago in 2012 when the LHC detected a scalar particle having the same properties
as the predicted Higgs boson [1, 2]|. Its observation confirms the existence of the Higgs field
and the mechanism of electroweak spontaneous symmetry breaking (EWSB) which solve one
big SM problem - the explanation of the vector boson (VB) masses. However, until now, the
concrete mechanism of EWSB is still under investigation. Since the longitudinal polarization
of massive VBs is a direct consequence of this mechanism, polarized VB production is a very
promising group of processes to study for this purpose.

Without the Higgs boson, the scattering of longitudinal VBs would break unitarity since its
cross section would rise with the center-of-mass energy (CME) squared [3] which illustrates the
sensitivity of VB polarization to the EWSB mechanism. Furthermore, since triple and quartic
gauge coupling vertices appear in diagrams of many VB production processes they can also be
a probe for the SM innermost gauge symmetry structure. Moreover, even though no significant
deviations from the SM have been found so far, it is not exhaustive. For example, it does not
provide explanations for dark matter [4], the hierarchy problem [5] or the matter-antimatter
asymmetry in the universe [6]. Therefore, several theories on physics beyond the SM (BSM)
have been developed. Measurements of VB polarization could give insights into BSM physics
because in models of new physics modifications in the VB scattering (VBS) cross sections
of longitudinal polarized W* and Z bosons arise due to different Higgs boson couplings to
gauge bosons or the presence of new resonances [7, 8]. Some BSM physics models even predict
differences in the VBS cross sections of transverse polarized W* and Z bosons [9].

First VB polarization measurements at the LHC are conducted with data from collisions at
7 and 8 TeV CME for W* boson production in association with jets [10, 11], in top quark
decays [12-14] and in inclusive Z boson production [15]. Data taken from the recently finished
Run 2 of the LHC at 13 TeV CME is currently being analyzed. First measurements are presented
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for W*Z production [16, 17] and W¥W=*-scattering [18]. The expected high luminosity in the
forthcoming LHC-runs will provide higher sensitivity to VB polarization and will also enable
polarization measurements of very rare processes such as VBS processes [19, 20].

To design analyses for VB polarization measurements, polarized cross section templates provided
by Monte-Carlo (MC) event generators are required. They allow to predict the expected
distributions of kinematic observables interesting for these processes and to extract polarization
information from the unpolarized data. Currently, only a few generators are able to provide
polarization information, namely Madgraph [21, 22] and PHANTOM [23]. The general-purpose
MC event generator SHERPA [24] is not yet capable of simulating polarized cross sections.
Since SHERPA provides a more accurate process description by simulating higher orders of
the strong coupling constant ag, adding this capability would be highly desirable. In addition,
this would extend the ability to compare predictions between different generators. Due to its
complexity, the simulation of interaction processes always relies on approximations that may
differ between MC-generators, so comparing simulations from different generators is essential
for a robust prediction.

The aim of this work is to close that gap by adding new functionality to SHERPA to enable
the simulation of polarized cross sections for unstable VBs. The framework introduced in this
thesis allows the calculation of polarized cross sections of all possible helicity combinations in
one simulation run and treats them as additional event weights in SHERPA. Furthermore, the
interference between different polarizations can be calculated directly without subtraction and
several polarization definitions are provided. Even though the main goal was to describe VB
polarization at leading order (LO), it is shown that the new framework can further be utilized
to simulate the main behavior of VB polarization at next-to-leading order (NLO) QCD with
SHERPA if the influence of virtual corrections on polarization fractions is negligible.

The thesis is organized as follows. In Chap. 2, theoretical concepts important for the description
of VB polarization are introduced, including the definition of spin in relativistic theories based
on group theory and the quantum field theory of free and interacting massive VBs. Basic
aspects about the simulation of hadronic processes, an introduction to the investigated VB
production processes as well as the definition of polarization for intermediate VBs and the
difficulties associated with that are explained in Chap. 3. The actual implementation of
polarized cross sections for VB production in SHERPA is presented in Chap. 4. This covers
both the general description of how polarized cross sections are obtained with the SHERPA
framework and how the simulation of VB polarization aspects at NLO QCD becomes possible.
Chap. 5 validates the implementation against literature data at fixed LO for several processes.
First applications of the new framework in phenomenological analyses investigating NLO QCD
corrections to polarized cross sections and the influence of different polarization definitions on
VBS processes at fixed LO are discussed in Chap. 6. Chap. 7 gives a summary of this work

and an outlook into future extensions of the new framework and planned applications.



2 Theoretical foundation

In this chapter, theoretical concepts required to calculate polarized cross sections for massive
VBs are displayed®. This first includes the definition of spin for massive relativistic particles
which is directly connected to the particle’s polarization. Among known massive elementary
particles, the massive VBs are of special interest for this thesis. Their description in quantum
field theory (QFT) is discussed afterwards starting with the corresponding free field theory
and followed by the electroweak theory where they appear as mediator particles.

The electroweak theory is part of the Standard Model that is currently the best model to describe
the known elementary particles and their interactions with each other. It is formulated as a
gauge theory being symmetric under local gauge transformations of the non-Abelian symmetry
group product SU(2), ® U(1)y ® SU(3)c. Beside the electroweak interaction described by the
SU(2), ® U(1)y gauge group, the SM also includes the strong interaction, the corresponding
QFT is called quantum chromodynamics (QCD). Details about the parts of the SM not covered
by this thesis including QCD, the particle content or certain particle properties can be found
in textbooks such as [25-27].

2.1 Group theory and spin for massive particles in relativistic

theories

Particle physics investigates particles at very high energies. Therefore, theories describing
elementary particles and their interactions are relativistic theories. Particles are characterized
by their properties including mass, spin and charges. Particle polarization is defined as the
alignment of the particle’s spin in a certain direction, usually the particle’s momentum.

Relativistic spin can be defined based on group theory. Therefore, this section first intro-
duces important properties of the Poincaré and the Lorentz group and demonstrates different
Lorentz group representations necessary to understand the calculation of polarization vectors in
SHERPA. Based on this introduction, the definition of spin of massive particles in relativistic

theories is discussed. Further details on the aspects mentioned here can be found in

IThroughout this chapter, natural units are assumed, i.e. light velocity ¢ and the reduced Planck constant %
are set to one. Furthermore, if not stated otherwise, Einstein’s summation convention is applied during the
whole thesis where repeated three-vector indices (Latin letters) or two-times appearing polarization indices
(denoted by A) as well as pairwise identical contravariant (upper Greek letters) and covariant (lower greek
letters) four-vector indices are summed over.



Ref. [26, 28—-37] which were consulted for this section.

2.1.1 The Poincaré group P

The Poincaré group (or inhomogeneous Lorentz group) 1.SO(3,1) is a ten-dimensional Lie

group and consists of all linear transformations:
M (x) = A 2 + at (2.1)

which leave the line element (dz)* = g,,da*dz” = (dt)? — (dZ) with the metric tensor
g, = diag(1,—1, —1, —1) invariant. These are Lorentz transformations A and global transla-

tions of space-time a. A generic element of P has the form:
(Aya) = ¢~ 2ny M"Y ooy P (2.2)

and is described by the ten group generators derived by looking at group elements infinitesimally
close to the identity. They form the Lie algebra associated with the Poincaré group. It is

defined by the commutator relations:

[MH, MP7) = i(g" M+ P MP7 — g2 M7 — g M)

(2.3)
(PP, M| = i(g""P° — g"*P?) and [P" P"|=0.

The six generators in M are responsible for the generation of homogeneous Lorentz trans-
formations, which themselves form a subgroup of P, the Lorentz group. The remaining four
P" are the components of the momentum operator and generate space-time translations. a,
and w,, contain the transformation parameters. w,, is an antisymmetric tensor describing
therefore six of the ten parameters. The specific form of the generators depends on the chosen

representation. In the four-vector representation, M* takes the form:

(MM)F g = i(g"°6" o — 976" ) . (2.4)

2.1.2 Lorentz group L

The Lorentz group O(3, 1) contains all transformations which satisfy:
g,uVAM aAV 8 = Gap - (25)

It can be split into four disconnected sectors according to properties of A, det A = +1 and
ANy > 1 or < —1, as shown in Tab. 2.1. The component El is the only sector which

forms a subgroup of the Lorentz group, SO™(3,1), containing proper orthochronous Lorentz
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transformations. It consists of Lorentz boosts and space rotations; each element of ,Cl can
be written as a pure Lorentz boost L times a pure rotation R. The associated Lie algebra is
defined by the commutators of their generators M, already given in Eq. 2.3. The generators
M, consists of the generators of SO(3) rotations J* = %e"jk J% and of boosts K' = M® which

fulfill the commutator relations:
[J¢, J7] = ieF gk [J, K9] = ie* K" | [K', K] = —ie* g% . (2.6)

€1 denotes the Levi-Civita tensor. An arbitrary finite element of El can be written according

to:

-

A= @THiK _p. T (2.7)

when 6 with 67 = (1/2)€75wi* is the vector of the rotation angles and 77 with 7'=w™® describes

the boost parameters 7. A general rotation specified by the vector of rotation angles g and

1

a pure Lorentz boost with velocity 3 , |8 = tanh|7], v = o

can be represented in the

L

four-vector representation of El by the matrices:

= wk [ Biv 2 L0
L(ﬁ) =" = (527 51‘]'_’_%(7_1))7 R( ) (O Rg)‘ (2'8)

Ry describes an element of the three-dimensional rotation group SO(3). With these definitions

a boost of velocity v applied on a particle at rest would result in a particle moving with
velocity v. A rotation by an angle # > 0 in the (x,y)-plane would rotate the position of a point

counterclockwise with respect to a fixed reference frame. [34]

Some of the irreducible representations (IR) of Li are important for this work, which is why
they will be discussed in more detail here. For this, it is worth to define the following hermitian
linear combinations of the generators J and K:

A=

(J —iK), B=-(J+iK), (2.9)

Table 2.1: The four components of the Lorentz group L.

Component det A A%y  characteristic (discrete) representatives

cl +1  >1  identity

cr -1 >1  parity transformation
Ei +1 < —1 time reversal

L -1 < —1 space-time reversal




with the commutator relations:
[AY) A7) = iR AR (B, BY] = ic""B* [A", B =0. (2.10)

It can be seen that the generators form two commuting subsets, each satisfying the commutator
relation of the SU(2)? algebra. Thus, A and B are each generators of the SU(2). The IRs of
the SU(2) are characterized by an integer or half-integer value j [33], the eigenvalues of the
Casimir operators A? or B2. This can be used to specify representations of El, denoted by D,
by two numbers @ and b which can independently be zero, positive integral or half-integral.
(2a 4 1)(2b + 1) eigenstates correspond to each (a,b) combination which can be taken as the
basis of the IR’s of £] with dimension (2a+1)(2b+1). Generally, tensorial (a + b=integer) and
spinor representations (a + b=half integer) are distinguished. In the following, the non-trivial

irreducible representations are introduced that are of interest for this thesis.

Fundamental representations D(3,0) and D(0, 3)

There exist two inequivalent representations of dimension two, D(3,0) and D(0,1). Due
to their behavior under parity transformation, they are often called left- and right-handed
spinor representation. In the former, the generators A and B become A = g and B = 0, in the

latter A =0 and B = g with & = (01,09, 03) being the vector of the Pauli matrices:
01 0 —1 1 0
S , oy = , oy = _ 2.11
1

The boost and rotation generators then take the form:
1 - 0 = a - 0 = ol
—,0): =2 k=2 (o,—); i=2  Rk=-iZ 2.12

(2 2 2 2 2 2 (2.12)
B.L. van der Waerden [38] introduces a dot notation for spinors transforming according to these
representations. The notation presented here follows Ref. [35]. Spinors transforming according
to the D(%, 0)-representation stay without a dot 14 whereas spinors transforming according to
the D(0, %)—representation get a dot wA. Dotting and undotting indices correspond to complex
conjugation: v = (¢4)*, ¥ = (1/1’4)*. A summation is implicit if the same index is once an

upper and once a lower index. Both representations are connected to each other by:

L . 0 1
v = ePyp, pt = Py with P = et = eyp = €45 = i0? = ( . 0) . (2.13)

2SU(2) denotes the special unitary group of degree two, the linear group of unitary (2x2) matrices with
determinant 1.
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A Lorentz invariant spinor product is defined by:
(0) = pap™ = Grba — Pathy and () = 6401 = (d11)2 — dotbn)* . (2.14)

11

Vectorial representation D(i’ 5

The D(%, %)—representation is four-dimensional. The former two representations are called

fundamental as they are the building blocks for all higher-dimensional representations of the
3 %) = D(%, 0) ® D(0, %) applies, so the objects transforming in
11

275)

Lorentz group. In this case D(
this representation have two indices K j5. The standard form of the D( -representation
would be complex (2x2) matrices but it can be shown that they transform like four-vectors,
i.e. this representation is equivalent to the four-vector representation of the Lorentz group
SO*(3,1). Thus, the form of the generators in this representation is already given in Eq. 2.4.
The transition between the representation K 5, also called spinor representation, and a

usual four-vector k* = (k°, k) is possible with the help of the matrices o#42 = (9, &) and

neo 0

s = (0°,—0) with 0 being the two-dimensional unit matrix:

o (o

1 .
k= —otAPK . (2.15)

2

KO+ Kk k4 ik?
k' —ik? KO-k )

Kjip= k#%,AB = <

Furthermore, K ;5 can also be expressed in terms of products of D(1,0)- and D(0, 3) spinors.
This is used in matrix element calculations to simplify their structure by describing all
occurring mathematical objects with those spinors (Weyl-van-der-Waerden technique [35]).
There is no unique spinor product decomposition for K ;5. One possibility is represented
by the eigenvector decomposition which is possible if k* is real and therefore K ,; a Her-
mitian matrix (cf. Ref. [35]). Other decompositions exploit the fact that light-like vectors

kF = |E|(1, cos ¢sinf, sin ¢ sin 0, cos f) can be described by a single spinor product:

—ig 0
Kip=kiky  with  ky= 2k (6 o 2) . (2.16)
sin 5
The k4 given in Eq. 2.16 is only one possible choice, any arbitrary phase can be added to
them without changing the physics. Four-vectors k* with k? # 0 can be written as sum of two

light-like vectors a*, b, if a - k # 0, where a* is arbitrarily chosen:
/{32

k= aa + b ith o=
oa” + w1 e} S

b = k" — aa . (2.17)



By the help of Eq. 2.16, a* can be reformulated as spinor product. The resulting spinors then

define another possible decomposition of K 4, into spinor products, if K DaCaD #0:

K. B k‘2
Kip=oajap+biby  with  by=-——=BA% 4=

- . (2,18
Ke aCaPl KCDaOaD ( )

2.1.3 From group theory to particle properties - the definition of spin in

relativistic theories

In the previous sections, the Poincaré group and its subgroup, the Lorentz group, are introduced
describing two fundamental symmetries of the universe. Each physical theory must be invariant
under their transformations. States of particles are transformed by them. But since there
are particle properties that do not change under Poincaré transformations, like the rest mass,
associated particle states should only mix among themselves. This is naturally given by
the basis of irreducible group representations. Hence, one-particle state vectors in a Hilbert
space can be interpreted as the basis of irreducible (unitary®) representations of the Poincaré
group [25]. They (and with that the states) can be characterized by the eigenvalues of the
associated two Casimir operators. The first one is P? = P, P*. Its eigenvalue when acting on
one-particle states is called m? where m can be identified as the rest mass of a particle. The

second Casimir operator is W#W, where W, is the Pauli-Lubanski operator:

1
WH = e M, Py (2.19)

It obeys the following relations:

(W Pl =0, [WH M) =i(g"Wr—g"? W), [WH* WY =i W,P,, W,P"=0.
(2.20)

€upo 15 the relativistic extension of the three-dimensional Levi-Civita symbol i.e. it is a
four-dimensional, totally anti-symmetric tensor with €193 = 1, being antisymmetric versus the
exchange of two indices. In order to find the physical interpretation of W*, it is convenient
to go to the particle’s rest frame, if m > 0 *. Then W* becomes W# = —1e?° M, ,m when
acting on rest-frame states |p*, m) with four-momentum p* = (m,0,0,0). Thus, Wy = 0 and

I = Mok M (2.21)

3Representations of the Poincaré group connected to one-particle state-vectors need to be unitary to ensure
Poincaré invariance of the matrix elements [25]. The finite-dimensional Lorentz group representations
discussed in the previous section are not unitary and thus can not be used to describe particles, in fact there
are no finite irreducible unitary representations of the Poincaré group.

4Massless particles need to be treated differently which is not covered by this thesis.
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The W# WH# commutator in Eq. 2.20 then takes the form:

From the previous section, it is known, that %eijkM Ik = J¥ are the generators of the SO(3)- and
SU(2) algebra with Eq. 2.22 being its defining commutator relation. Unitary representations
of these groups describe spin in non-relativistic quantum mechanics. Thus, in the rest frame of
the particle, the Pauli-Lubanski operator can be interpreted as the spin angular momentum
operator and all the rotational properties known from non-relativistic quantum mechanical
spins can also be applied to relativistic particles at rest. Therefore, the eigenvalues of WHW,,
have the form —m?s(s + 1) with s being positive integer or half integer. The quantity s defines
the spin of massive particles [36]. Since W#WW, is a Casimir operator, its eigenvalues and hence
s are Lorentz invariant. Furthermore, analogous to the non-relativistic case, massive relativistic
particles can obey (2s + 1) independent particle states corresponding to (2s + 1) polarization
degrees of freedom. These states are distinguished by the spin’s projection onto an arbitrary
axis s* = (0,7) in the current rest frame of the particle, denoted by s,,. The four-vector s* is
often called spin vector and 7 is typically chosen along the z-direction of the considered rest
frame. The projection values are defined as the eigenvalues of —%siWi, which can take the
values s, = —s, —s + 1, ..., s. In contrast to s, s, is not Lorentz invariant. All in all, states of

massive, relativistic particles at rest can thus be characterized by: m, p*, s, s,.

The described characterization of particles and their states is only possible for particles at rest
where W = mJ*. States of moving particles can be obtained from the states defined in the
rest frame by Lorentz transformations but there are infinitely many transition choices: there
are infinitely many systems from which an observer would see the particle as moving with
momentum p. They differ by rotations around p so they would each report a different spin
state for the same particle. Thus, to unambiguously define spin states and operators for moving
particles, their momenta in the transformed frame and the Lorentz transformation(s) performed
to reach it from the spin-defining rest frame need to be specified. In the literature, the canonical
spin, the light-cone spin and the helicity definition are frequently used [36, 37]. The polarization
of VBs is usually measured in the helicity basis. The helicity A\, with A € —s, ..., s, denotes the
projection of the spin J onto the direction of the particle’s momentum. Particle states in this
basis are eigenvectors of the helicity operator:

b 1Dy m, s, A) = X |p,m, s, A). (2.23)

|71

They can be obtained from the particle states defined in the rest frame [p*, m, s, s, = A) with
A being the z-component of the spin by first boosting it in z-direction yielding

P m, s, s, =Xy = U(L(p)) |p*, m, s, \) with p’* = (E,0,0,p) = L*,(p)p”. U(L(p)) is the
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unitary IR of the Poincaré group on the vector space of one-particle states. A subsequent

rotation brings the three-momentum in the desired p direction®:

|plt’ m,s, )‘> = U(RPP’) |plu7 m,s, )‘> = U(Rpp’)U(L(p,)) |I§M> m, s, >‘> . (2'24)

The connection between irreducible (unitary) representations and particle properties briefly
discussed here for massive particles in respect of spin was elaborated by E. Wigner [39]. He
also explained with group theory arguments why massless particles only have one spin degree
of freedom (if parity invariance holds two, like the photon) regardless of their spin. A more
detailed discussion about Wigner’s classification of one-particle states can be found e.g. in

Ref. [26, 32, 39, 40).

2.2 Quantum field theory of massive spin-1 particles

At the end of the previous section, some properties of massive one-particle states are discussed
to introduce spin as a particle property. However, in contrast to non-relativistic quantum
mechanics it is not possible to construct a consistent relativistic theory in terms of single
particles inter alia due to causality and the existence of particle creation/annihilation. Instead,
theories of elementary particles are field theories. In this section, the theory of free massive
spin-1 fields, also called massive VBs, is discussed in order to introduce the description of VB
polarization in QFTs. The only massive elementary particles with spin-1 currently known are
the W*- and Z-bosons which appear as mediators for the weak interaction. At large energies,
the weak and the electromagnetic interaction unify and are described as one non-abelian gauge
theory with the gauge group SU(2), ® U(1)y. This theory is introduced in the second part
of this section. Both parts of this section are founded on Ref. [26, 27, 41-43]. The discussion
also covers Feynman rules which can be derived from Lagrangians and form the basic building
blocks for matrix element calculation. Matrix elements are a major part of the cross section of
a process, which in turn is a measure of the probability that the particular process will occur

(for more details see Sec. 3.1).

5An equivalent sequence of transformations leading to the same particle states in the helicity basis would be
to first rotate the state such that the spin quantization axis points in the p’ direction, and then to boost the
state along the p’ direction such that the previously stationary particle moves with momentum p.
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2.2.1 Massive spin-1 fields

Free real fields for massive spin-1 particles V# 6 are described by the Lagrangian density”:

1 1
L= _ZFWF“” + §m2V“VN ,  with field-strength tensor F* = o*V" — 9"V#. (2.25)

The associated equation of motion, which can be derived from Eq. 2.25 by the Euler-Lagrange
equations, is the Proca equation:

@O+ mA)VF—0"(9,V")=0. (2.26)
Taking the divergence of the Proca equation gives the Lorenz condition:

D V" =0, (2.27)

which also simplifies Eq. 2.26. It reduces the theory’s degrees of freedom by one so that massive
spin-1 particles with three degrees of freedom can be described by the four-component field V#

without imposing any additional gauge conditions. The simplified Proca equation:
@O+m*)VF=0, (2.28)

is essentially a vectorial Klein-Gordon equation (KGE). Identically to the latter, Eq. 2.28 can

be solved by expanding V# in a complete set of plane waves:

By < . ,

_ —ip-x * T ip-x

VH(z) —/m;kﬁ@)a(% ANe "+ el (p)al(p, A)e™], (2.29)
with energy of the VB Ez = /P2 + m2, creation a(p,\) and annihilation a'(7, \) operators.
Unlike the KGE solution, additional four-vectors e\ (p) with A = 0,£1 must be introduced,
called polarization vectors, to account for the spin degrees of freedom of a massive spin-1 field.
These four-vectors describe the polarization of VBs. They form a complete set of orthonormal

four-vectors normalized according to:

er(p)enn(p) = —dav (2.30)

6All fields in the rest of this chapter have an argument x which is omitted for simplicity.

"For simplicity only the case of a neutral VB is shown explicitly here, massive charged spin-1 parti-
cles can be described by either introducing two real fields VD4 V4 or by defining two complex
fields WHE = (VR £ V(D) the corresponding Lagrangian for the complex fields then has the form
Leharged = —%WILW*W + m%VWjW*“.
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and the Lorenz condition Eq. 2.27 leads to:

pleaa(p) =0. (2.31)

Following the approach used in the previous section to derive one-particle states for a particle
with momentum p* in the helicity basis, polarization vectors first need to be determined in the
VB’s rest frame. There, they are eigenstates of the angular momentum operator J; in spin-1
representation (J3)x = —iesjn, (J3)op = (J3),0 = 0 with eigenvalues A. One possible choice of

eigenstates, normalized according to Eq. 2.30, is:

1
0,—1,—12,0), e = —(0,-1,1,0), e =(0,0,0,1), 2.32
( ) \/5( ) o= ) (2.32)
where €, and ¢_ are circular polarization states. After boosting along the z-direction such that
p'* = (E30,0,|p]) and subsequent rotation R with p = p/lpl = RZ = (cos ¢sin b, sin ¢ sin 0, cos ),

polarization vectors in the helicity basis are obtained (for details cf. Ref. [43]):

o
gy =

Sl

+ip
el (p) = 6\/5 (0. — cos 6 cos ¢ £ isin ¢, —cos 6 sin ¢ F icos ¢, sin ) ,

(2.33)

P’ (17]

ep(p) = — (—0, cos ¢ sin 6, sin ¢ sin 6, cos 9) :
mA\p

Vector bosons with helicity + or - are called transverse polarized or right-handed (plus) and

left-handed (minus), respectively, those with helicity 0 are called longitudinal polarized.

The polarization vectors fulfill the completeness relation:

3

v v PP
Y ey (p) = —g™ + ol (2.34)
A=1

as can be shown by using their explicit representation in the helicity basis Eq. 2.33. From the

Proca equation with an additional classical source j. added:
i (z) = [¢"™(O+m?) — 0"9"V, (z) = K" (2)V,(z), (2.35)

the (Feynman-)propagator Ap(z — y) for massive spin-1 particles can be derived. It is directly
connected to the Green function G,.(z — y) of the kernel K (z) [26]:

d4p i (_glm + py_p;)
A N = ‘ng o — iple—y) L JVE T m?2 / 2.36
F(a: y) ¢ (Z’ y) Z/ (271')46 p2 —m2 ¥+ e ) ( )
from which the propagator in momentum space can be read of:
7: - v + Buby
y y o + o) (2.37)

P2 —m?2+ie
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This will be the Feynman rule for internal lines of massive spin-1 particles in the electroweak
theory (in unitary gauge). The polarization vectors then appear in the Feynman rule for

external lines:

AAAAABAAAANS ex(p) [SVNVINEVVVN ex(p).

2.2.2 Electroweak theory

The electroweak interaction can be formulated as a non-abelian gauge theory with the gauge
group SU(2), ® U(1)y which was first done by S.L. Glashow [44] in 1961 for the lepton sector.
In the previous section, only bosonic elementary particles with spin-1 are discussed which are
described by polarization vectors. Matter in the universe, however, is composed of spin-1/2
fermions, which are expressed by Dirac spinors satisfying the Dirac equation. SU(2), ® U(1)y
gauge transformations operate differently on the left(L)- and right(R)-handed components of
Dirac fermion field spinors v = ¥, + ¢¥g:

U, — Giaa(I)TaeiB($)Y\I[L s ’QUR —1- 6iﬁ(x)Y¢R . (238)

a,(z) and S(x) denote the space-time dependent gauge parameters. The weak hypercharge
Y and T* = {0 are the generators of the U(1)y and SU(2), group, respectively. The weak
hypercharge Y is —% for left-handed leptons, -1 for right-handed charged leptons, 0 for right-
handed neutrinos, % for left-handed quarks, % for up-type and —% for down-type, right-handed
quarks. Left-handed fermions 7 = %(1 — 75)¢(x) appear as SU(2);, doublets ¥ while right-
handed fermion spinors g = 3(1 + 75)¢(z) form singlets under the SU(2), transformations.

The matrix v° is defined as:

. 0 Liaxa Liaxa 0 i 0 o
7’ =iy = Sl I , 7= - (2.39)
]1(2x2) 0 0 —]1(2x2) g 0

The fermion Lagrangian density is:

['fermion = Z \ij,LifyuD,u\I/f,L + &f,Ri’yMDu?ﬂf,R ’ (240)
!

with the adjoint spinor 1) = ¢f4°. The sum runs over all fermions f. Since the free fermion
Lagrangian with D, = 0, would not be invariant under the gauge transformations in Eq. 2.38,
four gauge fields, three Wi (a=1,2,3), generated by the SU(2), and one, B*, by the U(1)y,

are introduced by minimal coupling with the associated couplings gy and gy:

D,y = [au +igwT W +igyYB,| Uy, Dubpn= |0, +igyYBu|trr. (2.41)
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The couplings gw and gy are free parameters of the theory and need to be determined by
experiments. In order to retain local gauge invariance, the gauge fields for small a%(x), f(x)

have to satisfy the following infinitesimal transformation rules :

1 1
Wi — Wi — —0,a%(x) — ™’ (x)Wy, B, — B, — —0,6(x), (2.42)
gw gy
where €%¢ are the SU(2);, group structure constants.
Thus, the Lagrangian density £ describes free fermions and their interaction with the electro-

weak gauge fields (Fig. 2.1 for charged leptons) 8. The emergence of the latter also requires

1% [+

. gw 5 . 9w 5 5
+ ~ (1 — 7 ~j— 1— 1
w i (1=7) g le(1=7")Fen(1447)]

l =

Figure 2.1: Vertices of lepton interactions with massive gauge bosons; coeflicients are
cr, = Ig‘;_ — Q- sin? Oy = —% +sin? Oy and cg = —Q;- sin? Oy = sin® Oy

the introduction of terms which describe the dynamics of the gauge fields if no fermions are

present:

1 1
‘Cgauge = _ZW;IVW@MV - ZB;WBm/a (243)

containing the field strength tensors:

B, =9,B, — 0,B,,, We, = 0. We — 0,W + gwe ™ Wy, We, . (2.44)
Compared to the field strength tensor in the free field theory (Eq. 2.25), W, has an additional
term which leads to cubic and quartic gauge-field self-interaction terms in Eq. 2.43. It emerges
to preserve the invariance of the Lagrangian in Eq. 2.43 under the transformations in Eq. 2.42
and is a consequence of the non-abelian structure of the gauge-group SU(2);.

So far, the Lagrangian £ = Liermion + Lgauge does not contain mass terms although experimental
evince for massive fermions and VBs clearly exists. Introducing mass terms for massive VBs
smy WaW e 4+ 2m3 B, B* and massive fermions m ¢ would violate SU(2), ® U(1)y gauge
invariance which can be seen by applying the transformations of Eq. 2.42 onto the new mass
terms. This problem was solved by A. Salam and S. Weinberg [45, 46]. They used the
Brout-Englert-Higgs mechanism, proposed in 1964 independently by several parties [47-49], to

generate gauge invariant mass terms. In order to achieve this, two complex scalar fields are

8Fields W+, Z# in Fig. 2.1 are not the gauge fields W/, B, they mix to build the physical fields WEr, Z-,
~ which are given later in Eq. 2.50.
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introduced that together form a SU(2)-doublet with U(1)y hypercharge Y = %:

+ 1 ;
P — ¢O _ o1+ Z¢2 ' (2_45)
¢ V2 \ ¢3 +igs
One component of the doublet must be charged, one neutral to generate longitudinal degrees

of freedom for the W* as well as the Z boson. The corresponding Lagrangian is:
Lecatar = (D'®)(D,®) — V(@) = (D*®)1(D,®) — 1°®Td — \(®Td)?, (2.46)

with parameters x4 and X not predicted by the theory. For u? < 0 and A > 0, the gauge-invariant
potential V' (¢) has an infinite set of degenerate non-vanishing minima, thus the vacuum ground
state is non-symmetric. Since the Lagrangian remains fully SU(2);, ® U(1)y gauge invariant
the electroweak gauge symmetry is spontaneously broken by choosing a certain ground state.

Without loss of generality, the following ground state can be chosen [26]:

0 2
by = ( ) ) with vacuum expectation value v =4/ Tﬂ = 246 GeV . (2.47)

V2

The upper doublet component is zero to ensure that the electromagnetic gauge group U(1)qep
remains unbroken. Otherwise, also the photon would acquire a mass. In order to investigate
the consequences of the EWSB, the doublet ® is expanded around the potential minimum
b=y + d with 03 =v+ ggg, D124 = q~5172,4. The goal of the EWSB mechanism is to generate
masses of the massive VBs. This would introduce new degrees of freedom into the theory
in addition to the already existing four of the scalar fields ¢;. These are the longitudinal
modes of the massive VBs, which were not apparent before the symmetry breaking. Within
the unitary gauge, the three massless would-be Nambu-Goldstone bosons ¢ 24 are eliminated,
i.e. the Goldstone bosons are replaced by the longitudinal polarization mode of the gauge
fields becoming massive. The Goldstone bosons are therefore unphysical so that the number of
physical degrees of freedom is restored. In other gauges, e.g. 't Hooft-Feynman gauge, they
remain in the theory and are then called ghosts. Applying the unitary gauge, corresponds to

assuming:

@:( 0 >:¢+é (2.48)
2+ h(z) " |

for the Higgs doublet expanded around the minimum if all other fields are already expressed in

the unitary gauge. Its insertion into Eq. 2.46 leads to the findings discussed below.
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W+ W+ W= Vo=7,2  WF
V=n,7 ww{i ~ igy }{ ~ igh, K ~ gy, gy,
w* e W) Wt Vi=7v,Z

Figure 2.2: Triple (left) and quartic (middle, right) self interactions of electroweak gauge
bosons with g, = e, gz = gw cos Oy .

Vector boson masses and physical fields

After inserting the expanded fields into the kinetic terms of Eq. 2.46, the term only depending
on P, reads:
2 2

1 o 2 2,,2
(D, ®o) (D"Dy) = §W;Ww(%) + W3 Bu(%) + BMB“(‘C]YSU ). (2.49)

The gauge fields W and B, that appear in the Lagrangian are not the physical fields. In
order to obtain the experimentally confirmed electroweak currents, the physical photon, Z- and
W=*-boson fields A*, Z* and Wf depend on the gauge fields in £ as follows:

L WaFiwg : 3 : 3
W, = T , Z,, = —sinby B, + cos Oy W, A, = costy B, +sinOyw W, .
(2.50)
With that, the masses of the bosons can be read off Eq. 2.49:
gwv 1 1 1 gw
=27 =0 == 2 2 — = — . 2.01
mw 2 7 A ’ Mz = 5\ w oy 2797 = 5 cos Oy v (2:51)

Oy denotes the weak mixing angle defined by tan 6y = gg—VYV. Thus, the mechanism of EWSB
indeed generates mass terms for the massive VBs by simultaneously leaving the photon mass
unchanged. The strength of the electric charge e is connected to the gauge couplings gy, gy
via gy sin by = gy cos by = e. The generators of the unbroken U(1)qrp gauge group, giving
the electric charges, then take the form @Q = I}V + Y, with I}V being the third component of
the weak isospin.

After defining the physical fields and generating mass terms, the Lagrangian of the gauge fields

reads:

1 1 1 1
Lomge = Lot Lop = = Fu I = SW LW emiy WIW =2 2, 20 + 533 2, 2"+ L
(2.52)
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The field strength tensors F*, Z" and W= of photon, Z and W* boson respectively in the
free boson Lagrangian Lg have the same form as F* in Eq. 2.25, i.e. the free Lagrangian for
massive spin-1 particles in Eq. 2.25 is retained. The propagator derived there also follows from
the EW theory but its form in Eq. 2.37 is only received in the unitary gauge. The additional
term in the field strength tensor of the gauge fields W, in Eq. 2.44 leads to triple (Fig. 2.2 (a))
and quartic (Fig. 2.2 (b),(c)) self-interactions of the gauge bosons (Lpp) after converting
corresponding terms in the Lagrangian in Eq. 2.43 to the physical fields.

Higgs boson

The scalar potential and the remaining kinetic terms take the form:

LpHiggs + Litiges = [(D, @) (D ®0) + h.c.] + (D, @) (D®) + V(®)

= m? (2ﬁ + h—z)W+WM— + L2 (2E + h—Q)Z 7"+ 1(a h)?* — M?h? — i(h4 + doh?) . (2.53)
STy 2 2 Ay 2/ 2 " 4 '
W,Z-Higgs inte:“;ctions LBHiggs free Higgs?lr;agrangian Higgs-sel?i?lteraction

A new massive boson with mass my = v/ 2 v arises which can be identified with the physical
Higgs boson. Beside the Higgs-Lagrangian, the terms in Eq. 2.53 give rise to Higgs-self couplings

and interactions of Higgs bosons with massive gauge bosons. The latter are shown in Fig. 2.3.

+
7 w= w h Z h
9 e -912/1/ 7 )
gl - V9w ’ ~l ’ ~
[ ~ IV h ~1 . 2 . 2 cos? 6
2 cos? Oy 2 N i v
7 W W+ h Z h

Figure 2.3: Higgs boson interactions with massive gauge bosons.

Fermion masses

Additionally, with the help of the Higgs doublet, it is possible to construct operators that
combine left-handed and right-handed spinors while preserving the SU(2), ® U(1)y gauge

symmetry. They can be utilized to form gauge-invariant fermion mass terms in the Lagrangian:

Lovacawa = —y] WLl — yl Wl .l + hec. . (2.54)

Since only the lower component of the Higgs doublet has a non-zero vacuum expectation value,
the first term in Lyyrawa can only generate masses for the fermions in the lower component of a
SU(2)y doublet. This includes charged leptons and down-type quarks. In order to account
for masses of up-type quarks, the second term in Eq. 2.54 including the conjugate doublet
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®. = 109P* is added to the Lagrangian. Neutrino masses are not part of the SM. y{ and y{ are
the Yukawa couplings whose values are not predicted by the SM. Inserting the expanded scalar

field of Eq. 2.48 in Eq. 2.54 will give the fermion masses:

f
my =v—= 2.55
f \/5 ( )
through coupling of the fermions to the Higgs-field. Furthermore, the coupling of the fermions
to the Higgs boson itself is obtained.

In summary, the Lagrangian of the electroweak theory after EWSB in unitary gauge is:

‘CEW = EEWSB + ['fermion + EHiggs + ‘CBHiggs + ‘CYukawan (256)

gauge

with LEWSB /2 mion, Ltiges) LBHiges ad Lyigawa being introduced in Eq.s 2.52, 2.40, 2.53, 2.53

gauge

and 2.54, respectively.



3 Simulation of vector boson production

Experiments at particle collider facilities are an important handle to explore the SM and its
limits at high energies. The most powerful current collider is the LHC. It collides protons
as they are easier to accelerate to sufficiently high energies than lighter particles, such as
electrons, due to lower bremsstrahlung losses in circular facilities. However, making theoretical
predictions of the collisions is very challenging because of the non-abelian nature of Quantum
Chromodynamics (QCD) leading to color confinement at long distances and the high-dimensional
phase space covered by the LHC. In most cases, these aspects can no longer be handled by
analytical calculations, but MC event generators are able to deal with these problems to
a good approximation. Some popular general-purpose event generators are PYTHIAS [50],
HERWIG [51, 52] and SHERPA [24]. These tools can also be used to make predictions for
VB production processes. This thesis focuses on SHERPA. In the first part of this chapter,
some basic concepts of MC simulations relevant for this work are discussed. The discussion is
based on Ref. [53-57] where future details of this wide field can be found. After that, the VB
production processes investigated in this thesis are introduced. For this work, the polarization
of the VBs in these processes is of particular interest. Since they only appear as intermediate
particles in measurable processes, the definition of their polarization poses some difficulties,

which are discussed in the last part of this section, based on Ref. [58, 59].

3.1 Simulation of hadronic collisions

Processes that occur in proton-proton (pp) collisions are usually very complex such that
analytical calculations are unfeasible in the most cases, and simulations of collisions based on
MC methods are used to provide predictions for such processes. The main part of pp collisions
is described by QCD, the theory of strong interactions. It behaves different on various energy
scales which allows to factorize the simulation of particle collisions into several phases operating
in distinct energy ranges. All typical steps of a MC event generation are illustrated in Fig. 3.1
where two protons coming from left and right, collide and initially produce a Higgs boson and
two top quarks which subsequently decay. This is an example of the inner core of the event
simulation, the hard process (or hard-interaction), which occurs at the highest energies of the
entire event and represents the process of interest. Since such processes are usually very rare,

the simulation of collision events starts by computing this process instead of generating typical
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Figure 3.1: Illustration of the different steps in a Monte-Carlo event generator exemplary
for the production of a Higgs boson associated with two top quarks; the parts of the event
generation are the hard interaction (big red circle) followed by the decay of the top quarks
and the Higgs boson (small red circles), the initial (blue) and final state (red) parton shower,
the hadronisation (light green ellipses), the hadron decays (dark green circles), photon
radiation (yellow) and secondary interactions (underlying event, purple); figure taken from
Ref. [60].

pp collision events. Due to the high energies of the hard process, the strong coupling constant
ag is small and thus, perturbation theory can be used to describe it. This step determines the
cross section of an event sample since contributions from other phases integrate to one!. The
calculation of polarized cross sections, the purpose of this thesis, corresponds to this event
generation phase which is why it is treated in more detail in the subsequent section. If only
fixed-order calculations are performed as in most cases in this thesis, the event generation stops
at this step. However, this does not lead to an experimentally realistic event.

At the energy scales of the hard-scattering, the partons (quarks, gluons), that build up the
colliding protons, are basically free. Before some of them collide to perform the hard process,
they can irradiate gluons which themselves can generate further ones or quark-antiquark pairs
leading to the so called initial state parton shower. Furthermore, many hard interactions

of interest result in QCD partons in the final state which also build a parton shower (PS)

IThis is not fully true if selection requirements on the final state after the full event simulation are applied.
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after the hard scattering. In order to describe these showers, parton shower algorithms are
used. They are formulated as the downwards evolution in a momentum-transfer-like variable
starting at the scale of the hard process forwards for the outgoing and backwards for the
incoming hard-scattered partons [55]. During this evolution, the mean momentum transfer
decreases. At energies of about 1 GeV the strong coupling constant is of O(1) implying that
perturbation theory breaks down. Formerly asymptotically free colored partons now become
confined in colorless hadrons. This process of hadronization is described by non-perturbative,
phenomenological models whose free parameters are tuned by comparing with experimental
data. Resulting hadrons are decayed until only longer living or stable particles remain which
are able to escape the detector. Usually, charged particles participate in all steps of the MC-
simulation, leading to QED radiation. Since the incoming protons are complex bound-states
of several partons, more than one pair of partons can interact with each other within one pp

collision event. These secondary interactions are called underlying event.

3.1.1 Cross sections of proton-proton collisions and the hard subprocess

The hard subprocess is typically the process with the largest scales involving mostly large
momentum transfers or the creation of heavy particles. It is the actual one which shall be
analyzed by the collider experiment. To calculate the cross section for a scattering process
pp — n producing a parton-level n-particles final state from the collision of two protons, the
factorization ansatz of the QCD is applied. Accordingly, the probability of finding a certain
parton with momentum fraction z in a proton is decoupled from the hard interaction ab — n

of the single high-energetic partons a, b:

1 1
Opp—n = Z /0 /0 dxadmbfgl (maa /’LF)flfL2 (xba MF)a-a,b—WL(MF; ,UR) . (31)

a,be{q,g}

M and fg’“" denote parton distribution functions which at leading order describe the probability
to find a parton of type a/b with momentum fraction z,/z;, (Bjorken variable) in a hadron
hi/hs at scale pp. They cannot be computed by perturbation theory, and are instead based
on measurements that examine the proton content at a given scale. With the help of the
DGLAP equations, their evolution to other scales can be determined. The scale pug, at which
the PDFs are evaluated, is called factorization scale and separates hard emissions described by

the partonic cross section and soft emissions below ppr absorbed in the PDFs.

Gapn(lr, fir) is the cross section of the actual hard scattering of two partons a,b resulting
in n final state particles. It can be calculated utilizing perturbation theory where the cross

section is expanded in the (small) coupling constant of the interaction and can be formulated

as the integral of squared matrix elements | M, _,4(®p; pur, pr)|* over the available phase space



22

of the n final state particles ®,,:

Gapsn (s UR) :/dq)nf’Maab(q)nQ,UF7ﬂR)’2 with

dgpz‘
(27’(')32E,L

(3.2)

d®, = - (2m)" 0" (po + 1 — Zpi) :

i=1
Within the differential phase space element d®,,, the p; represent the final state particles’ and
the p,; are the initial state particles” momenta. For hadronic collisions, p,, = 4% holds

with P,; being the fixed hadron momenta. The delta function implements the overall energy-

and momentum conservation. The energy of the incoming partons is taken into account by the

1 1
25 T 2x41ps

flux factor F. For massless partons, F = applies, where § and s are the partonic
and hadronic center-of-mass energy squared, respectively. g is another unphysical scale, the
renormalization scale, which is explained later.

The matrix elements M, _,(®,; tr, r) can be formulated as a sum over Feynman diagrams.
These are pictorial representations of all possible quantum mechanical transition amplitudes
contributing to the required process. Using Feynman rules, they can be translated one-to-one
into the mathematical term in the perturbative expansion of &, p—n(1r, pr) they correspond
to. The absolute squared matrix elements also include an average over initial state as well as a
summation over final state colors and helicities which can be moved outside the square.

Eq. 3.1 is valid for all orders of the perturbative expansion of &, 4, (itr, ftr). In practice, the
hard subprocess’ cross section G, p—n(fir, ) can be calculated accurately for a few orders only.
When going beyond leading order (=lowest order in perturbation series) calculations, some
complications arise due to the emergence of divergencies. At NLO QCD, the partonic cross

section for a 2 — n process:

G, = /dfbn [Bn@n;up,uﬁ.) +Vn(q)n;,uFuMR>} +/d®n+1Rn(¢n+1;uF,uR)

!
284
1

2§a/’b/

[ | Muo(@i )+ 2Rl Moo o ) Mo (@i )}

+ /d@nﬂ IMNLoR(Prit; iir, pr)|?

(3.3)
consists of three parts:

e Born term B,,: describing the leading-order contribution;

e Real correction term R,: containing an additional final state emission compared to
the leading-order contribution, the corresponding phase space ®,,,; is the phase space of
(n + 1) final state particles; furthermore, the type of the initial partons a’, b’ may change

with respect to the Born contribution with partons of type a and b which also affects the



3.1 Simulation of hadronic collisions 23

PDFs contributing to Eq. 3.1;

e Virtual correction term V,: obtained by multiplying Born-level matrix elements with
virtual matrix elements, the latter can be obtained from the former by adding a closed
loop; the external particles of both matrix elements are the same, wherefore they have

the same phase space.

Fig. 3.2 displays example diagrams for the W*Z-production process (O(aZ,) at LO) each

contributing to one of the three matrix elements. Real and virtual terms are by themselves

g
w w
w & 9
q, \J W
w
% z 4 .
(b) Real correction (c) Virtual correc-
(a) Born diagram diagram tion diagram

Figure 3.2: Example diagrams for the different matrix element types contributing to a
NLO QCD calculation of inclusive W*Z-production (diagrams taken from [61]).

divergent. The loop in Mypov(®Pn; pr, ir) introduces an additional degree of freedom, the
loop momentum, that is integrated over. It can take any value allowed by four-momentum
conservation at the interaction vertices. In particular, it can get infinitely large resulting in
ultraviolet (UV) divergences of the amplitude. They can be handled by first regularizating
the UV-divergencies by e.g. dimensional regularization and then absorbing them via the
redefinition of all couplings and masses based on the idea that all parameters appearing in the
Lagrangian are non-observable, "bare” quantities (=renormalization). This introduces another
scale, the renormalization scale g, which separates UV-effects from effects described in the
matrix element.

Additionally, IR divergences emerge in real and virtual corrections. According to the Bloch-
Nordsieck [62] and Kinoshita-Lee-Naunberg theorems [63, 64], these need to cancel each other
for physically meaningful (IR-safe) observables [56]. This cancellation is not straightforward to
model since the two terms to cancel correspond to different phase spaces. Methods solving this
problem are phase space slicing or subtraction methods. Nowadays, the latter group of methods
is more common. Subtraction methods are based on the observation that soft and collinear
divergencies in real correction terms have a universal structure which can be described by a
convolution DS = B, ® K,, of (finite) Born matrix elements B, with suitably defined operators
K, [55]. The integrand R,, — DS is IR-finite which means that the integration over the full
real correction phase space ®,,.; becomes feasible. The same holds for the virtual corrections,

if the subtraction term D¢ integrated over the radiative phase space ®;, IS = i d®, D¢, is
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added to them. The partonic cross section for a 2 — n process at NLO QCD accuracy then

takes the form:

N0 = /dCPn [Bn(@n;ﬂFaMR) + V(@ pip, 11R) +If(<1>n;up,u3)}
(3.4)

+ /dq)nﬂ [Rn(q)n+1;,uF7,UR) - Ds(q)nSMFaMR)] ,

where V,, already contains collinear counter terms. The definition of the subtraction kernels
D$ is not unambiguous. One very prominent method to define them, which is also employed
in SHERPA | was introduced by S. Catani and M.H. Seymour [65, 66].

The calculation of tree-level (Born term, real correction) and one-loop matrix elements is usually
done by different tools. Specialized tools e.g. OpenLoops [67] deliver one-loop matrix elements,
whereas generic tree-level matrix element generators provide the other matrix elements and
perform the phase space integration. There exist many tree-level matrix element generators
such as AMEGIC++ [68], COMIX [69], MadGraph [21] or O’Mega [70] from which the former
two are used in this thesis. Even the calculation of tree-level matrix elements can be very
challenging when multi-particle final states come into play since the number of contributing
Feynman diagrams increases roughly factorial with the number of final state particles [55].
Textbooks method of squaring matrix elements and summing over unobserved helicities and
colors based on completeness relation and Dirac trace techniques become too complex. Instead,
amplitudes are directly evaluated before summing and squaring them. In order to achieve an
efficiently calculable representation of them, all parts of the amplitude are expressed in terms
of spinor products in the manner introduced for four-vectors in Sec. 2.1.2. For the generation of
the amplitudes, Feynman diagram based methods (e.g. in MadGraph, AMEGIC) or recursive
techniques such as the Berends-Giele recursion algorithm [71] (e.g. in COMIX) are applied.
After constructing the matrix elements for the process of interest, the related integral over
the phase space of the initial and final state particles need to be performed. Phase space
integrations rely on dedicated MC sampling methods, e.g. multi-channel sampling. They enable
the integration of integrands with difficult structures due to pronounced peaks, which could
affect the convergence of the integration over the usually large (3n — 4) 4+ 2 dimensional phase
space.

When using matrix elements of NLO QCD accuracy for the cross section of the hard scattering
process in the full event simulation, the fixed-order calculation needs to be matched to the

parton shower. This is briefly discussed in the following section.

3.1.2 Matching and Merging

Matching In the previous section, the hard process is discussed as the first part of the

event generation. If the hard process is generated, the parton shower takes over which is not
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introduced here (see e.g. Ref. [53-56]). Matching the fixed-order hard matrix elements to
the parton shower is only trivial at LO, where the showering can simply begin on top of the
hard process. At higher orders, double counting can emerge. To deal with this, basically two
approaches are used, the POWHEG [72] and the MC@QNLO [73] methods. In this thesis, the
latter is applied as already implemented in SHERPA. At this point, some ideas of MC@QNLO,
that are relevant for later parts of this thesis, are briefly summarized. The MCQNLO method
follows the idea of eliminating double counting by subtracting the shower contribution at fixed
order from the higher-order hard process calculation [53]. For this, the real correction term
is split into two parts R, = D7 + HA an IR-singular DA and an IR-regular (hard) part H:.
Thus, the total hadronic NLO QCD cross section, obtained from combining Eq.s 3.1 and 3.3,

can be rewritten as:
oNO = / dd, BA(®,) + / Ad, HA(Ppyr), (3.5)

with B4 being the NLO-weighted Born-level cross section:

BA<(i)n) = Bn(én) + Vn(ci)n) + Irf(i)n) + /d(i)l [Dg‘((i)n—&-l) - Drf(q)n-i—l)] : (3-6)

The differential phase space element d® additionally contains the incoming partonic flux and
the integrals over the Bjorken variables compared to d®; B, R, V, I, D° include the PDFs and
the summation over the flavors compared to their correspondences in Eq. 3.3. The matched

NLO cross section up to the first emission? is then given by [57]:

- _ - DA(D,.q) - - -
OMGANLO = / d®, By (Pn) [M(to) + / d@l—g(({;)&“(tﬂ + / APy 1 H (i), (3.7)
to n n Y _,

[\ J/
-~ v

=:0g =:0H

with a modified Sudakov form factor of AA(¢,#) = exp{ — ftt/ d@l%} and t being the
order parameter of the shower emissions. Sudakov form factors describe the non-branching
probability between the two scales ¢t and ¢’ in a parton shower.

For event generation, og and oy are identified with two different types of events, named S- and
H-events. The latter has real kinematics. The parton shower is added after the first emission
is produced according to the (hard process) matrix elements. The hard process matrix element
in the S-event, on the other hand, has Born-like kinematics. The first emission is generated, if

occurs at all, by the parton shower as represented by the term in square brackets in Eq. 3.7.

Merging Parton showers can account for higher-order effects but fail to describe additional

hard emissions [54]. In order to provide a more accurate prediction for processes with multiple

2First emission means the first emission additionally to the LO hard process.
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jets in the final state, separate tree-level matrix elements are calculated for each desired parton
multiplicity. The combination of all these separate calculations with the parton shower is
done by merging algorithms. These rely on an additional merging scale, above which every
QCD-emission up to a chosen maximum parton multiplicity is described by the appropriate
tree-level matrix elements. Parton emissions softer than the merging scale are instead produced
by the parton shower. The first merging algorithm proposed was the CKKW approach [74],
which was adapted and extended several times since then, as done for the merging algorithm
implemented in SHERPA [75]. Merging algorithms can be extended to also merge NLO

calculations to parton showers. This is beyond the scope of this thesis.

3.2 Vector boson production processes

In the previous section, the setup and relevant phases of a MC event generator are introduced.
Within this thesis, the existing MC event generator SHERPA is extended to enable the
simulation of polarized cross sections for massive VB production. The motivation for studying
VB polarization is already discussed in the introductory part of this thesis. This section gives
an overview of the VB production processes studied in this work with the aim to test the newly
implemented features and outline first phenomenological applications thereof. In terms of MC
event generation, the processes presented in this section are hard processes. VBs have a very
short lifetime, making their direct observation impossible. Merely, their decay products can
be measured, which can either be quarks or leptons. In this work, exclusively leptonic VB
decay channels are considered wherefore only contributing diagrams of processes associated
with these VB decays are displayed in this section at LO. Perturbative orders specified in the

subsequent parts of this work refer to the coupling structure of the squared matrix elements.

3.2.1 Single W' +Jet production

The production of a single VB in association with one jet is one of the simplest VB production
processes corresponding to a coupling order of O(asaZy,) at LO. It has one of the highest cross
sections for electroweak boson production and therefore represents an important background
in measurements of many other SM processes at the LHC. At lowest order, only diagrams are

contributing that take the form given in Fig. 3.3 for the W*j production.

3.2.2 Vector boson pair production at O(afy)

Vector boson pair production at order O(a%yy) is possible for WZ, ZZ and WTW~ VB pairs.
In this thesis, only the WTZ process is investigated. Diagrams, contributing to this process at
LO, can be subdivided into diagrams where both (double-resonant, (a) and (b) in Fig. 3.4)

and only one (single-resonant, (c) in Fig. 3.4) pair of final state leptons are produced by
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Figure 3.3: Leading-order Feynman diagrams of the hadronic pp — 1714 j process.

resonant VBs. The first group also includes diagrams with VB triple gauge coupling interaction
(diagram (a)), emphasizing interest in this process for testing the SM gauge symmetry structure
and searching for deviations from that due to possible new physics. It is important to note that
some diagrams may also contain photons instead of Z bosons. Their contribution is reduced by
phase space restrictions that force the invariant mass of the lepton-anti-lepton pair to values
close to the Z mass. This also avoids the divergence of the cross section when my+,- — 0.
Radiative corrections to this process considered in this thesis are of order O(asa%y,). The

general form of NLO QCD corrections is discussed in the previous section.

I~ q(q) ) -
v/ Z
q V/Z W/~ Z
W+ l,Jr l/—f—
W+ Vl Vl q
i W+ %%
I+ 7(d) rq

(a) (b) (c)

Figure 3.4: Leading-order Feynman diagrams of the hadronic pp — 1T 111" '™ process;
diagram (c) summarizes several Feynman diagrams of the same form, which is why no
concrete final states are given.

3.2.3 Vector boson pair production in association with two jets at 0(a6EW)

The most interesting contributions to the VB pair production in association with two jets at
order O(aly;) are diagrams which include the scattering of two VBs VV — VV (see Fig. 3.6 (a))
with V = Z W* and ~ (not all combinations of them are allowed). They are special due to
the delicate cancellation of large unitarity-violating contributions from pure gauge and Higgs
diagrams for the scattering of longitudinal VBs in the SM [76]. BSM effects could influence this

cancellation, resulting in potentially large enhancements of the VBS rate [58]. The dashed circle
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in Fig 3.6 (a) refers to the interactions given in Fig. 3.5, namely the quartic self-interaction
vertex, s- and t/u channel triple gauge boson interactions as well as interactions of the Higgs
boson with the massive electroweak gauge bosons. The VBS contribution has a characteristic
signature: since the initial state quarks in Fig. 3.6 (a) undergo an electroweak interaction only,
they are only deflected slightly from the beam axis resulting in a high invariant mass of and
a significant rapidity difference between the two jets. Appropriate selection criteria on these
observables can enhance the VBS contribution with respect to the overall VB pair production
process since many other diagrams featuring no VBS configuration contribute to these processes.

For the purpose of this work, it is useful also for this group of VB pair production processes to

AP

Figure 3.5: Leading order Feynman diagrams contributing to the scattering of two massive
vector bosons VV — VV [3].

categorize contributing diagrams according to the number of resonant (leptonically decaying)
VBs occurring, i.e. into double-, single- and non-resonant diagrams. Fig. 3.6 and 3.7% display
example diagrams for each of these groups indicating that contributing diagrams obey very
different structures including diagrams with three resonant VBs (diagrams (d)-(f) in Fig. 3.6) or
further diagrams involving triple gauge couplings (diagrams (b), (d), (e) in Fig. 3.6, diagram (c)
in Fig. 3.7).

For simplicity, to distinguish O(aly,) from O(afy) VB production processes at LO sub-
sequently in this work, the first are also called VBS processes (even though also non-VBS-
configurations are included) or VVjj processes, while the latter are denoted as inclusive
VV-production. The notations LO and NLO QCD refer to the coupling orders which are
discussed in this section.

Similarly to the inclusive Wt Z-production discussed in the previous section, W*Zjj- and ZZjj
processes include contributions from diagrams where Z bosons are replaced by photons. Their
contribution can again be reduced by restricting the Z-decay-products’ invariant mass to values
near the Z-mass. WZjj and WHW™jj processes contain large contributions from resonant
tops/anti-tops. They emerge e.g. from diagram (c) in Fig. 3.6, if the intermediate quark
radiating a boson is a (resonant) (anti-)top quark. By only considering final states without

bottom quarks, this contribution can be suppressed.

3Clearly, dependent on the chosen final state, not all of these diagrams contribute.



3.2 Vector boson production processes 29

ISREIRE

a

s 12T

e

Figure 3.6: Double-resonant Feynman diagrams contributing to pure electroweak vector
boson production processes in association with two jets at LO, the dashed circle is a
placeholder for the diagrams from Fig. 3.5 (diagrams taken from Ref. [3]).

S

(a)

Figure 3.7: Single ((a)-(d))- and non-resonant ((e)) Feynman diagrams contributing to pure
electroweak vector boson production processes in association with two jets at LO (diagrams
(a)-(c) taken from Ref. [3]).
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3.3 Definition of polarization for intermediate vector bosons

In the previous chapter, some electroweak Feynman rules are displayed. They illustrate that
the polarization of external VBs is easily accessible because they are directly represented by
their polarization vectors in matrix elements. But with massive VBs being very short-living,
they can only be measured as intermediate particles described by propagator terms:

i(—g" + )

D,, = , , 3.8
@2 —md 4 ilymy (3.8)

with q being the VB momentum?. With that, the production of a single VB and its decay into

a final state lepton pair is described, in unitary gauge, by the matrix element:

i(—gly + £5) o 1— A5 1445
A4::A4$“i< - [—Zgwfn<CL T opoep— )wf}, (3.9)

@ —m} +ilymy 2 2

with @/;f, 1 being the spinors of the final state leptons. Coefficients c;, and cg represent the
left- and right-handed fermion couplings to the VB® and Mﬁr‘)d denotes the matrix element
of the VB production. Since the propagator does not contain any polarization vectors, the

completeness relation®:

can be used to reintroduce a polarization dependency by replacing the numerator with a

q"q”
mi,

> = @) (a) (3.10)

sum over polarization vectors. This sum contains a fourth unphysical polarization which
automatically vanishes for on-shell particles or in the special case of massless leptons [58]. With
at least the latter requirement, the angular distribution of the W* /Z decay products takes the
following form if the VB polarization is defined in the helicity basis, no lepton selection criteria
are applied and the integration over the full range of the decay product’s azimuthal angle is
performed [58, 59]:

1 do(6*,X) 3

= —f1(X) (1 + cos? 6 Mcos 9*)
d‘;(;() deos0*dX — 8'" i (c + k)

(3.11)

2 _ 2
2(cr CR)COS 6*) + ;lj"o(X)sin2 0%,

3
4 2 (X)) (1 + cos? o £ LR
"0 CEA

8

with the variables:

4This propagator differs from the one derived in the previous chapter given in Eq. 2.37 by the last term in the
denominator. It accounts for the finite width of the unstable VBs.

®Coefficients appearing in Eq. 3.9 denote ¢z w = 1/vV2, cpw =0, ¢z z = (I%—S2Qf)/c and cpz = —s°Qy/c
with ¢ = mw /myz, s = sin Oy .

6The connection of Eq. 3.10 to the on-shell completeness relation in Eq. 2.34 is discussed in Appendix B.1.
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- 6*: (lepton) decay angle, it is defined as the angle between the charged leptons momentum
in the VB rest frame and the VB’s flight direction in the reference frame used for
polarization definition (motivated in Sec. 4.2), the VB rest frame is reached by boosting
the charged leptons momentum from the reference frame, for Z the anti-fermion is used

(in the rest of this thesis, it is also referred to as decay angle of the VB);

- X: other phase space variables the cross section depends on beside 6*;

do(X) _ « do(X,0%) |
) fdcos@ dcos 0+ dX !

- fi» normalized polarization fractions - f; + fr + fo = 1.

The upper sign holds for W and Z bosons, the lower sign for W~ bosons. By projecting
the angular distribution on the first Legendre polynomials «; (i = 0 — 2), the polarization
fractions can be determined [58]. However, in realistic setups, lepton selection criteria need
to be applied, which spoil the factorization of the angular dependence of the decay and the
other kinematic variables X, since lepton acceptance criteria (like on the lepton’s transverse
momentum) depend on both of them. Hence, to measure polarization fractions in realistic
setups, polarized cross sections need to be simulated.

The fact that VBs only emerge as intermediate particles in observable processes leads to two
difficulties in the definition of polarized cross sections which would not arise for external VBs.
The first one can already be observed for the single VB production process. By inserting
Eq. 3.10 into Eq. 3.9, the matrix element can be factorized into VB production and decay:

i 5

T kU U . 1 - 1 + >
M = ZME’L OdsA”“sA[— 19U Yy (cL Ty CR 7 )1/}4
A

¢? —mi +ilymy 9 9

1
= MEME =y MT,
¢? —m} + iLymy ; A ; A

(3.12)

with M{ being the full polarized amplitude for a single VB with polarization A, M% and M%
the ones for VB production and decay. If this amplitude is squared:

IM|? = E IMF 2 + E MIMT (3.13)
~——
coherent sum \ A , AFEN
polarized contributions, incoherent sum interference

interference terms between different polarizations emerge. They only sum up to zero in the
absence of lepton selection criteria [58]. Apart from that, they need to be considered as
additional part of the polarization measurement if the phase space is not chosen such that their
contribution is small. Unless stated otherwise, interference is always referred to interference
between different polarizations further on in this thesis. Likewise, polarized contributions refer
to summands of the incoherent sum, where all intermediate VBs have a definite polarization.

The second difficulty arises if more complicated processes are considered involving at least
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two intermediate VBs. According to Sec. 3.2, not all diagrams participating in VB pair
production processes exclusively contain final state leptonic lines connected to a single VB
each (double-resonant diagrams). For diagrams of the non- and single-resonant type, the
definition of polarization for two VBs is unfeasible, since they cannot be interpreted as the
production and decay of two VBs. Simply ignoring these diagrams would break electroweak
gauge invariance. Thus, suitable approximations are necessary which allow to omit these
diagrams while retaining gauge invariance at the same time. The two common approximations

which fulfill these requirements are described below.

o Narrow-Width Approximation (NWA) is the approximation utilized by SHERPA.
It mainly replaces the denominator of the propagator by a delta function such that only

on-shell contributions remain:

1 s

— 5(q> — My). 3.14
q2 — m%/ + Z‘vav MVFV (q V) ( )

« (Double’™)Pole Approximation (DPA) is used by several MC event generators
such as PHANTOM [23]. It partially considers off-shell effects by only projecting
the numerator of the propagator to on-shell momenta while leaving the denominator
unchanged. This projection is not unique since sending the boson to mass-shell requires
at least the adjustment of the VB decay products’ momenta. Further details about this
approximation can be found e.g. in Ref. [58]. In the literature, the DPA is often also

referred to as On-Shell projection technique (OSP).

The accuracy of both approximations is of order O(I'y /My ) [59, 77]. Amplitudes resulting
from inserting the completeness relation into the VB propagators and applying one of the
approximations above are the product of complete, ordinary production and decay matrix

elements of external, on-shell VBs MY | and MY :

prod AL KHn V1 Vn decay . decay __ P D . D
Meapprox E My e Exn BN ex My M = My, My M,
)\1~~~>\n >\1~--)\n

(3.15)

If both factors are gauge invariant, this also holds for the overall approximated matrix element.
Since the VBs are on-shell in the polarization dependent part of the matrix element in both
approximations, the unphysical auxiliary polarization does not contribute so that each term of

the polarization sum in Eq. 3.15 provides a physical polarization contribution to the process.

"The pole approximation is also called double-pole approximation for the case of VB pair production processes.



4 Implementation of polarized cross

sections for vector boson production in
SHERPA

This chapter explains the new implementation developed to enable the simulation of polarized
cross sections for an arbitrary number of unstable, resonant VBs within SHERPA. As already
discussed in Sec. 3.3, approximations are necessary to perform such calculations. It turned out

that they lead to factorized matrix elements of the form:

2 § P *P D *D
|Mappr0X| (8 M)\l...)\nMA’I...)\;LM)\L..)\"M)\’I...)\;L ) (41)
A

AL Ans N

consisting of matrix elements for the production MY, “and the decay M5, of n on-shell
VBs!.

The current SHERPA release [78] is already able to simulate such factorized matrix elements
of processes with unstable, intermediate (resonant) particles in an extended narrow-width
approximation. Spin-correlations between production and decay matrix elements are thereby
preserved. Details about this prerequisite for the actual polarization simulation are described
in the first section of this chapter. It fixes the approximation necessary to define polarized
amplitudes. After that, SHERPA’s description of polarization vectors is introduced. In the
subsequent sections, the new implementation is explained which allows to extract polarized cross
sections from the already existing framework. Furthermore, its application for the calculation
of NLO QCD polarization contributions is discussed. The focus of that section is to explain
the ideas and concepts behind the implementation. The introduced syntax and the application
of the implementation for concrete simulations can be found in the corresponding section in
the SHERPA manual, see Appendix A.

The new implementation is based on the current development version of SHERPA, which will

be released as version 3.0.0 in the future [79].

In NWA, the proportionality constant in Eq. 4.1 stands for the factors o5 one for each VB propagator
viv
for which the NWA is applied.
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4.1 Calculation of factorized matrix elements in SHERPA

+0

0+

00

1.VB 2.VB

Figure 4.1: Sketch
of the production
amplitude tensor
structure for a
process with two
intermediate vector
bosons (VB), second
index accounts for
the matrix element,
the first for its
complex conjugate.

The current SHERPA release is already able to sample events
according to factorized matrix elements of the form Eq. 4.1 for pro-
cesses with intermediate, unstable particles such as VB production
processes in a spin-correlated narrow-width approximation [80]. For
that, the VB production subprocess (called hard process) and the
VB decays (called hard decays) are considered separately. Naive

separate generation of these subprocesses would produce:

1 X %
‘MP = N( Z Mfl...)\nMA?..An> ( Z M?’l...A;LMA?..A;L> 1
>\/

Al An

(4.2)

with N consisting of the product of all helicities of the decaying
VBs, ignoring spin-correlations between VB production and de-
cays. This would lead to wrong cross sections and wrong dynamics.
Therefore, the spin-correlation algorithm of Peter Richardson [81]
is implemented to preserve spin-correlations. After calculating
the production subprocess, it generates the whole decay chain of
the intermediate particles. For VBs decaying into stable particles,
the algorithm is sketched in Fig. 4.2 since only such processes are
investigated in this thesis. Its implementation can be found in the
Decay_Handler Base class of SHERPA.

During algorithm execution, a decay matrix is calculated for each
particle. The product of the decay matrices of all intermediate
VBs equals to the decay matrix elements M7 ,\HM*?“ v up toa
normalization constant (cf. Eq. 4.6).

The generation of the VB decay products does not affect the inte-
gration and the computation of the hard process (VB production).
The initial and final state particles of the production subprocess
are generated first according to the (unpolarized) production am-
plitude. Then, the production amplitude tensor M% )\n/\/lﬂ: N
is recalculated to get the spin-dependent matrix elements serving
as input for the spin-correlation algorithm which subsequently
computes the VB decays.

The calculation of the spin-dependent production amplitude tensor

(abbreviated to production tensor in the following) and the decay
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Figure 4.2: Sketch of the spin-correlation algorithm of P. Richardson [81] for the special
case of unpolarized initial state particles and unstable particles decaying directly into stable
decay products; A\;=polarization of particle i, N,, Np=normalization constants such that p,

D has a trace of one, mflhel =number of spin degrees of freedom of the ith particle.
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matrices is done by the matrix element generator COMIX [69]. The VBs in both the final
state of the production and the initial state of the decay subprocesses are all generated on their
mass shells. In order to at least partly recover the off-shell kinematics of the total process, a
smearing of the unstable particle’s invariant mass according to the Breit-Wigner distribution is
performed after their generation, affecting only the kinematics of the final state particles. The

matrix elements remain unchanged i.e. calculated in NWA with on-shell VBs.

The absolute squared polarized production matrix elements |Mf1... AN |2 are stored in a
tree-like structure to account for an arbitrary number of unstable particles. Deviating from
the original spin-correlation algorithm shown in Fig. 4.2, all stable hard process final state
particles are contracted before the production tensor enters the spin-correlation algorithm, i.e.
for VB production processes it only depends on the polarization of the VBs. Fig. 4.1 sketches
the structure of the production tensor for a process involving two intermediate VBs. It also
indicates the polarization ordering in this tensor. Each level corresponds to one particle. At
each level, mypnel - Munel branches are starting where myp denotes the particle’s spin degrees
of freedom. Each starting branch stands for one possible polarization combination of the
current particle in the matrix elements and their complex conjugates. At the end of each
path corresponding to a particular polarization combination of the intermediate particles, the

associated absolute squared matrix element is stored.

4.2 Polarization vectors and polarization definition in COMIX

Since factorized matrix elements are always calculated by COMIX the handling of polarization
vectors in this matrix element generator is described here. Polarization vectors in COMIX are
implemented similar to Ref. [35]. They are calculated utilizing Weyl-van-der-Waerden spinors
introduced in Sec. 2.1.2, starting from the particle momentum p* and an arbitrary light-like

four-vector a* and can be obtained by performing the following steps:

1. Decompose p* into two light-like vectors a* and b* by calculating b* according to Eq. 2.17

2. Calculate the spinors a ; and a4 as well as b; and by with Eq. 2.16 whose products yield

the spinor representations A ;; and Bz of a* and 0*, respectively

3. Determine the polarization vectors in spinor representation:

coan) = Y )= Y )= L hps-anien) (13

4. Transform the polarization vectors back to the four-vector representation using
Eq. 2.15 (right)
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Resulting polarization vectors are those of incoming particles. In order to completely define

the VB polarization, the following two choices are necessary:

« Reference system: Polarization vectors constructed as described above are not Lorentz
covariant, A* ,&”(p, \) # £"(Ap, A), as e.g. can be seen from their representation in the
helicity basis in Eq. 2.33. This means that the polarization of a particle depends on
the frame in which its polarization vectors are calculated. Thus, two different frames
can be distinguished in polarization measurements - the measurement system and the
reference system for polarization definition. The measurement system denotes the frame,
where the matrix elements are evaluated and the particles’ momenta are measured. The
polarization vectors, however, can first be computed in another frame, the reference
system, before they are transformed to the measurement frame. Resulting polarization
vectors differ from those that would be obtained if they were calculated directly in the
measurement system.

The measurement frame in SHERPA is the laboratory frame and can not be changed.
Distinct reference systems change the contributions of the single polarizations to the
unpolarized cross section of the whole process, i.e. longitudinal and transverse contri-
butions are mixed. This fact is used in experimental analyses [16, 18] to maximize the
contribution of the interesting polarization (usually the longitudinal polarization). The

default reference system in SHERPA is the laboratory frame.

e Spin basis: For massive particles, the light-like vector a*, arbitrarily chosen in the
splitting of the massive four-momentum into two massless ones, has a physical meaning

since the spin vector introduced in Sec. 2.1.3 takes the form [82]:

1
F=—(p"—2aad"). 4.4
= —(p — 20a") (44)

Consequently, a* taken in the desired reference frame determines the axis along which
the spin is measured. To receive the helicity basis, which is typically used to define VB
polarization, a* must be set (proportional) to (1, —p/|p]) resulting in the spin vector

pointing in the direction of p:

oo 1 0 v
%—Emmﬁ) (4.5)
Then, polarization vectors calculated in SHERPA according to the four steps above have
the form of Eq. 2.33.

For matrix element calculations, SHERPA uses a chirality basis defined by a constant a*.
In dependency of the chosen gauge for the Weyl spinors, COMIX utilizes different a*s.
To get polarization vectors as described by the four steps above, a special gauge need to
be applied (cf. manual in Appendix A) which leads to a* = (1,0, 1,0).
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In the following discussions, the reference vector a* and the reference system used for matrix
element calculation is referred to as the default reference vector and default reference system,
respectively, which together define the default polarization definition/basis.

It is worth noting that the unpolarized result (coherent sum in Eq. 3.13) is Lorentz invariant

and therefore unaffected by the choice of the polarization definition.

This section has introduced the principles of VB polarization definition in SHERPA. At the
moment, there is an unresolved issue in the actual implementation of the polarization vectors
that leads to e™ and £~ being interchanged compared to their definition in Eq. 4.3 which was
detected during the validation. Until the issue is resolved, it gets mitigated by switching the

left- and right-handed labels of the final polarized cross sections within the simulation.

4.3 Calculation of polarized cross sections

The framework described in Sec. 4.1 can already provide production and decay matrix elements
where the summation over the VB polarizations is not yet performed and which are computed
in an approximation appropriate for polarized cross section calculations. Therefore, it can be
kept unchanged and only copies of the production tensor and each decay matrix must get stored
before they are contracted with each other. Thus, the whole event is generated unpolarized
and only polarization fractions are computed describing the fraction of the polarized cross
section of a certain VB polarization combination on the entire event. After their calculation,
the polarization fractions are multiplied with the unpolarized event cross section. Resulting
polarized cross sections are output as additional event weights.

The following steps are done to obtain the polarized cross sections from the copies of the

production and decay amplitudes:

1. Transformation of polarized production tensor and decay matrices to get the matrix
elements with VB polarization defined in the polarization basis of interest (if not identical

to the default polarization basis)

2. Multiplication of production tensor Py, ., x,..x, and decay matrices D), x to receive
the amplitude tensor of the whole VB production and decay process according to (no

summation convention here!):

2 _ AP *P D *D
‘Mpol|/\1.../\n,/\’l.../\;b - M,\1...AnMM...AgLM,\l...AnM)\’l...xn

- 4.6
=N Py, 1] Dax- (4.6)

A N=1

N contains the normalization constants of the decay matrices and can be ignored since it

cancels in step three when polarization fractions are calculated. Fig. 4.3 illustrates how
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this multiplication is performed considering the different form of the production tensor

and the decay matrices.

3. Labeling & Owutput of the polarization contributions, calculation of user-defined

polarized cross sections, if desired

Details about the more comprehensive steps one and three are given in the following sections.

This approach allows to simulate all polarized cross sections for all VB polarization combinations
simultaneously within a single simulation run. Furthermore, the interference between different
polarizations can be computed event-wise since the production tensor and the decay matrices
contain all interference terms as off-diagonal entries. Thus, an interference template can be
directly provided for polarization analyses. This can be included as an additional background
in the polarization measurement without relying on subtraction methods that can lead to large
MC-uncertainties. Moreover, predictions for more than one reference system can be obtained

with one simulation run by repeating above steps for each desired polarization definition.

4.3.1 Change of polarization definition

The definition of polarization for VBs is not unambiguous as discussed in Sec. 2.1.3 and 4.2. In
order to calculate production and decay matrix elements, COMIX uses the formalism described
in Sec. 4.2 to define VB polarizations. A chirality basis is chosen as spin basis and the reference
system is the laboratory frame. As mentioned earlier, a more physical basis for polarization
definition is the helicity basis. Furthermore, other reference systems than the laboratory frame
may be interesting to e.g. maximize the longitudinal contribution of VBs in VB production
processes. To change the definition of polarization, two approaches are conceivable, an a priori
way changing the polarization definition directly during the matrix element calculation or an a
posteriori way adjusting it by performing a transformation of the matrix elements after their
calculation. Due to its generator independence, the second approach is chosen.

The a posteriori change of the polarization definition is based on the fact that polarization objects
(spinors, polarization vectors) defined in one basis can be expressed as a linear combination of
polarization objects obtained in another basis. By replacing the polarization objects defined
in the desired polarization definition in the corresponding matrix elements by the linear
combination of the polarization objects used in the matrix element calculation, the following

transformation is obtained (cf. Appendix B.2):

new |2 _ partl *partl partn *partn old
M ’,\1...,\71,,\'1...,\;1— E VI U R WOV ’M ‘m NEEA A (4.7)

!
K1.Kn,KY K

with \; and k; describing the polarizations of the ith particle in the desired (new) and the default

old) polarization definition. The absolute squared matrix elements |AM©d|2 , are the
( p q *
LK KK
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For each decay matrix:

Start at top level of the production tensor

v

Particle of current level in pro-
duction tensor = particle
belonging to decay matrix?

A

yes no

. N

Loop over number of branches
starting at this level & multiply
all tensor entries at the end of
the ith branch with the ith entry
in the decay matrix. Once done, return.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Loop over number of branches
starting at current level &
at each branch descent to the next level

Figure 4.3: Flow chart for the calculation of the polarized matrix elements from the
production tensor and the decay matrices.

ones calculated with SHERPA’s default polarization basis; |M“"‘W\§1_._ AN, ATe computed in

the desired polarization basis. The transformation coefficient a}'" is the linear combination
9V

coefficient which corresponds to the polarization object with polarization k; in the linear

combination of the k;s describing the polarization object with polarization ;. They correspond

*parti
/ /
ApoK,

conjugate one. M denotes either the production tensor or a decay matrix. The following steps

to the polarization objects in the matrix elements, a to the polarizations in the complex

are necessary to perform the transformation:

1. Calculation of the polarization objects with default and desired polarization
definition for each intermediate particle
The handling of polarization vectors in COMIX is introduced in Sec. 4.2. For each
intermediate VB, two sets of polarization vectors are calculated, one assuming the
polarization definition applied during matrix element calculation and one using the
desired definition. The VB momentum necessary to calculate the polarization vectors
must be taken in the default and desired reference system, respectively. Currently, the
laboratory frame (Lab, default), the center-of-mass frame of all intermediate particles
(COM), the parton-parton frame (PPFr) and all center-of-mass frames defined by any
combination of initial or final state particles of the VB production process are supported.

Since SHERPA always calculates matrix elements in the Lab, polarization vectors obtained
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in a different reference frame must be transformed back to the Lab. This can be done by
the inverse of the Lorentz boost necessary to transform the VB momentum in the desired
reference system. The former is given in Eq. 2.8. Its inverse can be obtained from that
by changing the sign of each f.

Per default, SHERPA calculates polarized cross sections with polarization defined in
the helicity basis assuming the Lab as reference system. In principle, there is also the
possibility to choose a spin basis other than the helicity basis, but the possibilities
implemented so far are limited to rather non-physical spin bases (cf. Manual Appendix A)

which are not connected to particle properties like the particle’s momentum.

2. Determination of the linear combination coefficients
In order to facilitate the transformation of the matrix elements, the transformations
coefficients in Eq. 4.7 need to be determined. This is done separately for each intermediate
particle. All mype linear combinations of one particle can be combined to a system of
inhomogeneous equations. Its solution supplies the linear combination coefficients a,; for
the corresponding particle.
For massive spin-1 particles, only three of four polarization vector components are linear

independent (cf. Eq. 2.31), thus the original (4x3) system can be reduced to a quadratic

(3x3) one:
-1 o~ A 11 1
E+ E_ 50 €+ e 50 ayy+ Ay Q49
2 =2 x| _ 2 2 2
€1 &2 &l =11 2 s a_y a__ ag |, (4.8)
~3 3 =3 3 3 _3
€+ E” 50 €+ E” 80 aop+ ap— apo

with € naming the polarization vectors in the desired polarization definition. This system
of equations can be solved by determining the inverse of the matrix containing the default
polarization vectors €. For that, the analytical solution for inverses of (3x3) invertible
(detA # 0) matrices Az(% % g‘) is utilized:
et — fh ch—bi bf —ce
A7t ! fog—di ai—cg cd—af|. (4.9)

~ detA
dh —eg bg—ah ae—bd

Since the polarization vectors in step one are calculated only for incoming VBs whereas
outgoing VBs are described by their complex conjugate, all obtained transformations
coefficients are complex conjugated, if outgoing VBs are considered. Antiparticles are
handled identical to particles in SHERPA.
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3. Execution of the transformation of the production tensor and the decay

matrices according to Eq. 4.7

The transformation execution for decay matrices is straightforward: Eq. 4.7 simplifies to

a matrix multiplication since the decay matrix only depends on one particle’s polarization.

The production tensor, on the other hand, can have any order, depending on the number

of intermediate particles involved. The tree structure, that holds the tensor entries,

allows for a recursive calculation of Eq. 4.7 steered by a level variable numerating the

levels in the amplitude tensor. It operates directly on the production tensor and uses the

transformation coefficients determined in step two and level=0 as input. Depending on

the value of the variable level the following is done:

a)

level = 0: Saving the untransformed amplitude tensor

During the first call of the transformation method (level=0), the - yet untransformed
- amplitude tensor is copied and set aside, because the original tensor will be modified
along the way. The untransformed tensor copy will then be passed as additional

parameter to all recursive transformation method calls until it is eventually used.

level < number of particles: Selecting coefficients according to polariza-
tions in the transformed amplitude tensor

A loop over all branches starting at level level of the tensor is performed and for
each iteration only those transformation coefficients are retained which describe the
transformation to the polarization component of the particle at level level the current
branch stands for. This is simultaneously done for the transformation coefficients of
the polarization objects and of their complex conjugates. The remaining transforma-
tion coefficients are then passed to the subsequent recursion of the transformation
method with level + 1.

level = number of particles: Calculating the tensor entries in the new
polarization basis according to Eq. 4.7

The end of one tensor path is reached. All remaining transformation coefficients
belong to the linear combinations that express the polarization objects describing
the current tensor entry in the new polarization definition in terms of the default
ones. Now, the calculation of the current tensor entry in the new polarization
basis according to Eq. 4.7 is performed by calling the transformation method with
level + 1 on the untransformed tensor copied at the top level of the recursion. The
result contains all the summands in the polarization sum in Eq. 4.7 so the current

tensor entry is obtained by summing over all the entries of that tensor.
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d) number of particles < level < 2 x number of particles+1: Selecting
coeflicients according to polarizations in the default amplitude tensor
A loop over all branches starting at level level of the untransformed tensor is
performed. For each branch only those transformation coefficients are retained
that belong to the current particle’s polarization object used to calculate the
matrix element at the end of that branch. This is simultaneously done for the
transformation coefficients of the polarization objects and of their complex conjugates.
The remaining transformation coefficients are then passed to the subsequent recursion

of the transformation method with level 4 1.

e) level = 2 x number of particles+1: Calculating the summands in Eq. 4.7
The end of one tensor path in the untransformed tensor is reached. The vectors
holding the transformation coefficients for the matrix elements and their complex
conjugates now only contain one value for each particle, respectively. The summand
of Eq. 4.7 corresponding to the polarization combination described by the current
path is calculated by multiplying all remaining coefficients with the current tensor

entry. The result of this multiplication replaces the untransformed tensor entry.

Currently, this transformation is only implemented for massive spin-1 particles but it can
be extended easily to e.g. unstable spin-1/2 particles (cf. Sec. 4.4.1). The execution of the
transformation (step three) work already independent of the spin of the intermediate particles of
interest. It only relies on the transformation coefficients a&?ﬁ?rti in Eq. 4.7 as input parameters.
The transformation is not allowed to change the unpolarized result because it is independent
of the specific choice of the basis for the polarization objects. This is checked for each event by

comparing the unpolarized cross section before and after the transformation.

4.3.2 Labeling and Output of polarized cross sections

The multiplication of production tensor and decay matrices results in an amplitude tensor con-
taining the squared matrix elements of all possible polarization combinations of the intermediate
particles. They will be treated as additional weights for each event. For that, all tensor entries
need to be named according to the polarization combination they describe. This is done in the
constructor of a new class called PolWeights_Map. It inherits from a standard C++ map class
and will contain all named polarization weights as spin label(key)-value pairs. By recursively
traversing the amplitude tensor in a manner analogous to the transformation process described
before, a spin label of the form particlel.polarizationl particle2.polarization2... (for
concrete examples see Appendix A) is generated stepwise for each tensor path which describes
a polarized matrix element contributing to the incoherent sum in Eq. 3.13. Concretely, these
are the diagonal terms of the amplitude tensor. All other entries (=off-diagonal terms of

the amplitude tensor) are totaled to an overall interference contribution. This procedure is
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illustrated in Fig. 4.4. The values added to the map are polarization fractions obtained from
dividing each polarized matrix element by the unpolarized result (=sum over all entries in the
amplitude tensor).

Based on these base polarization weights, combined polarization fractions can be calculated.
For massive VBs, additional weights are calculated where the transverse (plus and minus)
polarization fractions are added. In order to obtain all polarization combinations of transverse
polarized VBs with differently polarized particles, the weights to add are selected by iterating
over the newly generated spin labels. The precise procedure is shown in Fig. 4.5.

Furthermore, the following additional weights are provided if specified in the run card:

partially unpolarized weights Intermediate particles, that shall get considered as non-polarized,
can be specified by a comma-separated list of their particle numbers according to
SHERPA’s internal particle numbering in the run card. The associated weights are
obtained by contracting the polarization indices of each future unpolarized particle
(with myppe spin degrees of freedom) with a (mypel X Mypel)-matrix filled with ones. The
algorithm described in Fig. 4.4 is subsequently applied on the resulting reduced am-
plitude tensor to label the remaining entries and calculate the associated interference
contribution. It is smaller than the interference corresponding to the base weights, since
the polarization weights in which the remaining polarized intermediate particles have a
definite polarization also contain interference terms from the unpolarized particle. For
example, if a process with two VBs is considered and the VB with the polarization indices
A1, A} in Eq. 4.6 remains unpolarized then the following entries of the amplitude tensor
would contribute to the resulting single-polarized (=one of two intermediate VBs is in
a definite polarization state) longitudinal weight with the interference terms in square
brackets:
[ Mainglepollgo = [M %10+ M2 o_+M[Go00 + [’M‘1070+‘M|3000+‘M|go+o+|M’%ooo+

IM5o40 + IMGo_o|-

sum of specified weights All base weights, which are specified as comma separated list of
their weight names (spin label) in the run card are totaled. The calculation of these
weights is straightforward by simply searching the respective weight names in the already

generated PolWeights_Map.

Finally, the populated PolWeights Map is added to the overall Weights_Map. It contains all
event weights which will be output once the calculation of the current event is finished. All
its entries are multiplied with the unpolarized event cross section in NWA to retrieve cross

sections from the stored fractions.

The algorithm displayed in Fig. 4.4 strictly separates polarization contributions from inter-

ferences between different polarizations. Consequently, transverse weights calculated based
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Call LabelAndSeparate-method;
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Figure 4.4: Flow chart for the labeling of the calculated polarized matrix el-
ements and the separation of amplitude tensor entries where all intermediate
particles are in a definite polarization state (diagonal terms, mode=pol) from
the interference terms (off-diagonal terms, mode=int); spin labels have the form
particlel.polarizationl_particle2.polarization2...; besides mode={int, pol} there
is also a third mode but it is not important for labeling and separation of polarized matrix
elements and interferences; the unpolarized result necessary to get polarization fractions is
given by the sum over all amplitude tensor entries.



46

— Call Transverse cross section method on current PolWeights_Map ("this"); parameters: level variable lw

I

‘ Generate empty PolWeights_Map tempMap ‘

i l+1
new call on
1 ‘ Generate spin-label-1list of all spin labels in "this" tempMap
new call on v
tempMap
Ith particle
in spin la-
bels = VB?
no
S
Assign "this" to tempMap }7
[th particle in first
., entry in spin-

label-list: +
or - polarization?

N% —[" Add current spin label &
corresponding polarization

Delete spin label
fraction to tempMap

from spin-label-list

‘ Build expected partner label & search partner polarization fraction in "this"

v

Sum up polarization fractions with + and - polarization of /th particle &
add result to tempMap

!

‘ Delete spin labels of both polarizations from spin-label-list ‘

.

Spin-Label-
List empty?

no

Ith particle =
last particle

no

in spin label?

\
yes

v

Add tempMap to overall PolWeights_ Map

Figure 4.5: Flow chart for the calculation of transverse weights for mas-
sive vector bosons (VB), spin labels in PolWeightMap have the form
particlel.polarizationl_particle2.polarization2..., particles in the label
are in the same order as in the Amplitude2_Tensor, level variable | numbers the particles
in the spin label.
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on the resulting labeled base weights can only contain polarized contributions from the inco-
herent sum in Eq. 3.13 (incoherent definition) where the matrix elements and their complex
conjugates have the same polarization index. In the literature, it is more common [83] to
add left-right interference terms to the definition of transverse polarized signals (coherent
definition). For the single VB-production processes the following terms would e.g. be included:
(MF = ML+ MPE 4+ [IMJ -+ M

The terms is square brackets denote the interference terms which are lacking in the incoherent
transverse signal definition with respect to the coherent one. The coherent definition of the
transverse signal can be useful when only the longitudinal polarization component is to be
studied. By including a large part of the interference terms in the transverse signal, the need
for an additional interference sample could be eliminated. The ability to calculate such weights
with SHERPA is currently being added to the polarization framework. It is not yet tested and

therefore not discussed in this thesis.

4.4 Implementation structure

In order to realize the described calculation steps, two new classes are introduced to SHERPA.
If the calculation of polarized cross sections is enabled for a simulation run, a single instance
of the Polarized CrossSections Handler class is initialized during the initialization of the
Hard_Decay_Handler. It contains all polarization settings as members (InitPolSettings()).
These are the spin basis, the reference systems of interest and optional custom weights. Fur-
thermore, the default and the desired reference vector are set during the

Polarized CrossSections_Handler object construction if they are the same for each particle
in each event (InitRefMoms () ). This is the case for the default reference vector used for matrix
element generation with COMIX.

Unless indicated otherwise, all methods mentioned in that section are methods of the
Polarized CrossSections_ Handler class.

The actual calculation of polarized cross sections is steered by the Treat () method. It is called
in Hard_Decays: : Treat () after the simulation of all hard decays taking place in one event?
so that the decay matrices of all unstable particles are available. The production tensor is read
from the database of the signal vertex (signal blob) where it is stored after its construction
from COMIX spin amplitudes in Signal Process::Fill _Blob().

For each desired reference frame, the Treat () method executes the Calculation() method
which calculates the polarization fractions for the current polarization definition by calling
all methods necessary to perform the steps described in the previous section. It determines

the currently used and the desired polarization objects for each particle. The Beta() method

2The decays of the intermediate particles are generated in Decay_Handler_Base::TreatInitialBlob() which
is also called by the Hard_Decays: : Treat () method before the calculation of polarized cross sections starts.



48

provides the g—vectors for the Lorentz transformation of the particle momenta to the desired
reference system. The subsequent computation of the transformation coefficients is done in
the classes of the polarization objects. The actual transformation of the matrix elements is a
method of the Amplitude2_Tensor and Amplitude2 Matrix classes whose objects store the
matrix elements of the production and decay subprocess, respectively.

Once the transformations of the production tensor and the decay matrices to the desired
polarization basis are finished and their multiplication was performed, an instance of the second
class PolWeights_Map is constructed as described in the previous section. For each reference
system, a separate PolWeights_Map is computed which are finally all appended to the overall

Weights_Map of the current event.

4.4.1 How to extend the current framework

Currently, the determination of the transformation coefficients is only implemented for massive
spin-1 particles. However, the framework can easily be extended to particles with other spins. A
new code block would need to be implemented in the Calculation() method to calculate the
different polarization objects and their transformation coefficients. For that, the representation
of the Lorentz transformation belonging to the new polarization objects as well as the solution
of the system of equation resulting from the linear combinations connecting differently defined
polarization objects would need to be added to SHERPA.

New spin bases can be implemented by adding a new keyword and the corresponding reference
vector to the InitRefMoms () method. For additional reference systems, a new keyword and
the associated g—vector for the Lorentz transformation from the laboratory frame in the desired
frame need to be appended to the Beta() method. This approach does not apply to 5— and
reference vectors that differ for various particles. Such vectors must be implemented directly in
the Calculation() method.

4.5 Calculation of polarized cross sections at NLO QCD with
SHERPA

As described in the first part of this section, the new polarization feature is based on SHERPA’s
framework for computing factorized matrix elements of the production and decay of unstable,
intermediate particles. This is not limited to LO, the production tensor can also include
NLO contributions. This can in turn be used for the polarization calculation enabling the
simulation of NLO polarization effects. Since NLO matrix elements can not be taken into
account for the decay part of the process in SHERPA yet, only NLO QCD polarization effects
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can be investigated for VB production processes so far. This is due to the fact that NLO QCD
corrections are only involved in the VB production (if only leptonic VB decays are considered)
whereas NLO EW contributions would also affect the decay subprocess.

Moreover, the calculation of the production tensor relies on some approximations depending
on the event type. Currently, polarization fractions beyond LO can only be calculated for
event generation at particle-level where the matching of the NLO QCD fixed-order calculation
to the parton shower is performed by the MC@QNLO method. It leads to S- and H- events
(see Sec. 3.1.2). For S-events, the production tensor is calculated relying on real correction or
Born matrix elements, depending on whether the first emission occurs or not. This leads to
tree-level spin-correlations between the VB production and decay subprocesses with real or
Born kinematics. For H-events, the production tensor is exact, using real correction matrix
elements for its computation. This results in tree-level spin-correlations with real kinematics.
With this approach, effects of virtual corrections on the polarization fractions calculated from
the amplitude tensor remain unconsidered. Therefore, the SHERPA setups for computing
polarized cross sections beyond LO is referred as nLLO setups in the following. The unpolarized
result, however, includes the full NLO QCD corrections since the production tensor is only

calculated on top of the generation of the unpolarized VB production event.






5 Validation of the implementation at

fixed leading order

In this chapter, polarized integrated cross sections and differential distributions obtained
with the new polarization framework are compared with literature data to validate the new
implementation. More specific, integrated cross sections for the pure electroweak WTW-,
WHTW™-, ZZ- and W' Z-production processes in association with two jets as well as differential
distributions of all of them except for the W*Zjj process are investigated at fixed LO (O(a%;,)).
Additional validation was done for the pure electroweak WZjj and inclusive W*Z processes at
fixed LO by two bachelor theses running parallel to this work [84, 85]. Both suggest a good
agreement between literature results [59, 86] and the new implementation in SHERPA.

All considered literature data were obtained with PHANTOM [23] which, for the most processes,
relies on the On-Shell-Projection technique [58] to omit single- and non-resonant diagrams. The
only exception from that is the study of the ZZjj process in Ref. [59] where all double-resonant
diagrams with full off-shell kinematics were taken into account. As described in the previous
section, SHERPA uses a different approximation, so literature and SHERPA predictions may
differ on the order of O(I'y/my) due to the deviating approaches used.

Before introducing the concrete simulation setups applied for the validation, some general
remarks are made that apply to all simulations done throughout this thesis. After describing
the studied processes and the simulation setups used, the SHERPA simulation results obtained
with them are compared with literature predictions. At the end of this chapter, a short study of
the Wj process is performed to investigate the influence of the deviating transverse polariza-
tion definition used in the literature and in SHERPA (cf. Sec. 4.3.2) on the polarized predictions.

5.1 General remarks on SHERPA simulations in this thesis

All predictions within this work are computed for a LHC beam setup with 13 TeV proton-proton
center of mass energy assuming Standard Model (SM) dynamics. Only fully leptonic, mixed
flavor (for two VB production processes) VB decay channels are studied. All leptons are
considered as massless. The same holds for the quarks except the top quark, if not stated

otherwise. Masses and widths of the massive particles remain unchanged compared to the
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SHERPA default if not given differently. The polarization is always defined in the helicity basis.

For each investigated process, two simulation runs are done:

 Full calculation (short: full): No approximation is applied so that all effects from the
actual offshellness of the intermediate VBs as well as all from not-fully-resonant contribu-
tions (short: non-resonant contributions for simplicity) are retained. If comparisons with
literature data are performed, a comparison of the full integrated cross sections between

SHERPA and literature ensures that identical simulation parameters are used.

o Polarized calculation: uses SHERPA'’s spin-correlated narrow-width approximation as
introduced in Sec. 4.1 to compute polarized cross sections and distributions. Furthermore,
the unpolarized cross section in NWA (short: unpol) is obtained from this calculation. It
represents the sum of all polarization contributions (short: polsum) and the interferences,
i.e. the coherent sum of all polarized matrix elements. The unpol differs from the full
result by the missing non-resonant contributions and not-completely covered off-shell
effects. However, since experiments allow measuring the full result only, these differences

should be small in considered phase spaces.

Errors given to the simulation results within this thesis consists only of statistical MC-errors
caused by the limited number of events simulated. There are also systematical errors due to
scale and PDF choice, which could be estimated by scale- and PDF-variations. In SHERPA,
these variations would not have any influence on the polarization fractions; the same fractions
would only be multiplied by another unpolarized cross section for each variation. Therefore,
they are not shown in the following.

The data generated with SHERPA is analyzed via the analysis-framework RIVET (version 3) [87].
It is used to compute and plot differential distributions. For the calculation of W* boson
observables, a perfect neutrino reconstruction is assumed. Within the event generation, only
selection criteria on final state particles of the hard scattering process (= VB production
subprocess) can be applied. All remaining selection criteria are then implemented in the

subsequent RIVET-analysis.

5.2 Simulation setup

This section compiles all simulation parameters and phase space definitions, that are employed
for the validation. They are chosen identical to the literature. Example run cards which define
the applied SHERPA setups for the full as well as the polarization simulation can be found in
Appendix C.

Tab. 5.1 shows all investigated processes together with the corresponding literature reference,

the used reference frame for polarization definition, and whether only integrated cross sections
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are provided in the associated paper. PDF set, factorization scale, coupling constants as well

as VB masses and decay widths are set to:

PDF-Set: NNPDF30_lo_as 0130 from LHAPDFG6 [88]

Electroweak scheme: G L scheme with GM = 1.16637 - 1075 GeV~2 and

PR (1))
™ M 7

For the full calculation, the complex mass scheme is assumed, for polarized calculations

real EW parameters are applied to retain gauge invariance (see Ref. [58] for details)

e Strong coupling: consistent with PDF set ag(M2) = 0.130

o Factorization scale: pur = My/V2 (ZZjj, WTWjj), pur = /DL DLy, (all results from
Ref. [76])

o VB pol masses: My = 80.358 GeV, My = 91.153 GeV
« VB pol widths: zero for all VB in polarization calculations !, I'yy = 2.084 GeV,
'y = 2.494 GeV otherwise.

Usually, two different phase spaces were investigated in the literature which are called inclusive
and fiducial phase space. The former is only described by acceptance criteria on jets and
the VB masses whereas the latter also includes selection criteria on leptons. Differential
distributions are usually only given for the fiducial phase space in the literature. For all studied
VBS-processes, the applied phase space definition is very similar:
« inclusive phase space
— maximum jet pseudorapidity |n;| < 5
— minimum jet transverse momentum p; ; > 20 GeV
— minimum jet-jet invariant mass M;; > 500 GeV
— minimum jet-jet pseudorapidity separation |An;| > 2.5
« additional selection criteria for the fiducial phase space definition
— maximum lepton pseudorapidity || < 2.5
— minimum lepton transverse momentum p, ; > 20 GeV

— if neutrino(s) are contributing: minimum missing transverse momentum
P miss > 40 GeV.

'Regardless of whether all VB types occur as intermediate particles in a process, all VB widths must be set to
zero if this is done for one VB type. Otherwise, the SU(2)-Ward identities are violated [83].
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If additional or deviating selection criteria are applied, they are stated in Tab. 5.1. A b-veto is
understood as a perfect b-veto on initial and final states.

RIVET-analyses used for analyzing the simulation data are based on a suitable RIVET standard
analysis (ATLAS 2017_11625109 for ZZjj), on a RIVET-Analysis of Carsten Bittrich & Maren
Buhring [89] (WTWTjj) or are completely self written (W*Zjj, WTW™jj).

For all processes, observables are investigated, that can only be defined for the mixed lepton
flavor decay channel of the VB pair, if the VBs are identical. Same flavor lepton decay channels
which can not be excluded by SHERPA during the simulation of several identical VBs (ZZjj,
WTWTjj process), get then vetoed during the Rivet-analyses for all observables. Therefore, no
ambiguity for the reconstruction of the VBs from their decay products exist. Corresponding
single-polarized cross sections are calculated by an additional method in the PolWeights Map
class, that adds up all helicities, leaving only the VB decaying in a specified decay channel
polarized. The resulting weights are zero for same flavor decay channels and if the specified
decay channel does not occur in the current event (syntax cf. Appendix C).

Typically, the considered observables are directly related to the momenta of the final state

particles. The lepton decay angle forms an exception and is defined in Sec. 3.3.

Table 5.1: Some details about the literature studies used to validate the new SHERPA
implementation for simulating polarized cross sections for vector boson (VB) production;
abbreviations: M =invariant mass, n=pseudorapidity, XS=cross section, Lab=laboratory
frame, COM=center-of-mass frame of the VB pair; listed additional selection criteria are
applied for both the inclusive and fiducial phase space.

Process O(a$w) Reference additional selection criteria Reference Only
system XS

WHWTjj: pp = e ve ptv,jj  [76] My > 161 GeV ? Lab, COM
WHWjj: pp — et ve p= ,jj  [76] b-veto, My > 2Myy Lab, COM X
WHWjj: pp — p v, e Dejj  [58] b-veto, Mww > 300 GeV Lab

M;; > 600 GeV, |An;;| > 3.6,

My, M, <0

lepton selection criteria only on e~
W+Zij: pp — et ve uTp7ij [76] b-veto, My > 200 GeV Lab, COM X

|Moto- — Myz| < 10 GeV
ZZij: pp — et e” utpTij [76] b-veto, My > 200 GeV Lab, COM  x

| Mi+- — Mz| < 10 GeV

[59] b-veto, My > 200 GeV Lab

|M1+1— — MZ| < ].5 GeV

2The My, selection requirement for the WTWTjj process is only applied during the polarization calculation.
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5.3 Integrated polarized cross sections and polarization

fractions

Inclusive phase space

A first validation of the new implementation is done against data supplied by Ref. [76]. There,
integrated polarized cross sections with VB polarization defined in both laboratory (Lab) and
VB-pair center-of-mass frames (COM) are published for four VBS-processes in the inclusive
phase spaces defined in the previous section. In particular, the implemented matrix element
transformation can be verified by comparing the results obtained for the COM with the litera-
ture data.

The general behavior, expected from the literature predictions, is that pure longitudinal contri-
bution and pure transverse polarization have the smallest and largest cross section, respectively.
For the double-polarized signals (=short for both VBs are in a definite polarization state)
discussed here, the definition of polarization in the COM typically shows an increased longi-
tudinal contribution compared to the Lab definition. The behavior of the other polarization
contributions depends on the concrete process under consideration [76] (see also Sec. 6.1).
Tab.s 5.2-5.5 compare literature and SHERPA results for the four processes. The unpolarized
cross sections obtained with SHERPA agree with the full calculation within the MC errors
(WHWjj, W*7Zjj) or within the sub-percent level (ZZjj, W W~jj). This indicates that the
approximation used by SHERPA provides a good description of the full result for the investi-
gated phase space region.

The delta between the unpolarized results from the literature and SHERPA ranges in the
sub-percent area for all processes except ZZjj. This deviation is much smaller than the accu-
racy of O(I'/M) (~ 2.5%) expected due to the different approximations used. For the ZZjj
process, the relative difference between the unpolarized cross sections provided by SHERPA
and PHANTOM is about twice as large as for the other processes (~1.3%?), but still within
the expected accuracy.

Polarized predictions made by the new implementation show similar deviations as the cor-
responding unpolarized cross sections compared to the literature results, independent of the
chosen reference frame. Consequently, the polarization fractions calculated relative to the
unpolarized results mostly agree within the MC-errors. The few exceptions such as Wy W jj
(COM), Wi Wijj (Lab) and Wy Zrjj (COM) have deviations of less than 0.6%. The simulated
interference contribution is compatible to zero within the MC-errors, as expected when no
lepton acceptance criteria are applied.

Generally, the cross sections obtained with SHERPA are slightly larger than the PHANTOM

predictions. Since this tendency is already present in the unpolarized result and thus unaffected

3Deviations between the literature and SHERPA cross sections/fractions are quantified in this chapter by
reporting relative differences, if not stated otherwise.



Table 5.2: Integrated double-polarized cross sections for the WHWTjj process at fixed LO
obtained with PHANTOM in Ref. [76] and SHERPA in the inclusive phase space defined in
Sec. 5.2; the polarization is defined in the laboratory and the W W -center-of-mass frame;
polarization fractions are calculated relative to the unpolarized result.

Wtwt OPhantom [{b]  fraction [%] oOsherpa [fb]  fraction [%)]

full 3.185(3) 3.1814(13)

unpol 3.167(2) 100 3.1839(10) 100

Laboratory frame

polsum 3.1631(16) 99.88(8) 3.1827(22)  99.96(8)

int 0.0012(19)

L-L 0.2573(3) 8.124(11) 0.25722(28) 8.079(9)

T-L+L-T 1.2398(12) 39.15(5) 1.2485(10)  39.212(34)

T-T 1.666(1) 52.60(5) 1.6770(13)  52.67(4)
WHTW*_center-of-mass frame

polsum 3.1637(15) 99.90(8 3.1819(21)  99.94(7)

int 0.0019(18)

L-L 0.3275(4) 10.341(14)  0.32986(31) 10.360(10)

T-L+L-T 1.0162(10) 32.087(38) 1.0239(8) 32.160(27)

T-T 1.820(1) 57.47(5) 1.8281(14)  57.42(5)

Table 5.3: Integrated double-polarized cross sections for the WHW™jj process at fixed LO
obtained with PHANTOM in Ref. [76] and SHERPA in the inclusive phase space defined in
Sec. 5.2; the polarization is defined in the laboratory and the W W ~-center-of-mass frame;
polarization fractions are calculated relative to the unpolarized result.

WHYW™  Oppantom [fb]  fraction [%)] OSherpa [fb]  fraction [%]

full 4.651(2) 4.631(22)
unpol 4.641(2) 100 4.6707(22) 100
Laboratory frame

polsum  4.6401(12) 99.98(5) 4.673(4) 100.05(10)

int -0.003(5)

L-L 0.3314(2) 7.141(5) 0.3338(6) 7.147(14)

L-T 0.8545(4) 18.412(12)  0.8616(12)  18.448(28)

T-L 0.8912(4) 19.203(12)  0.8974(11)  19.213(25)

T-T 2.563(1) 55.225(32) 2.5802(24)  55.24(6)
WTW™ -center-of-mass frame

polsum  4.6404(12) 99.98(5) 4.675(4) 100.09(10)

int -0.0041(34)

L-L 0.3786(3) 8.158(7) 0.3826(8) 8.192(17)

L-T 0.7669(3) 16.524(10)  0.7736(12)  16.562(28)

T-L 0.8119(4) 17.500(11)  0.8176(13)  17.506(29)

T-T 2.683(1) 57.811(33) 2.7009(24) 57.83(6)
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Table 5.4: Integrated double-polarized cross sections for the WZjj process at fixed LO
obtained with PHANTOM in Ref. [76] and SHERPA in the inclusive phase space defined in
Sec. 5.2; the polarization is defined in the laboratory and the W Z-center-of-mass frame;
polarization fractions are calculated relative to the unpolarized result.

Wtz OPhantom [{b]  fraction [%]  Osherpa [fD] fraction [%]

full 0.5253(3) 0.5258(11)

unpol 0.5210(3) 100 0.52471(27) 100

Laboratory frame

polsum  0.52089(24)  99.98(7) 0.52473(40) 100.00(9)

int -0.000013(296)

L-L 0.03236(3) 6.211(7) 0.03270(6) 6.232(12)

L-T 0.08923(8) 17.127(18)  0.09002(11) 17.156(23)

T-L 0.1045(1) 20.058(22) 0.10535(12) 20.078(25)

T-T 0.2948(2) 56.60(5) 0.29669(25) 56.54(6)
W Z-center-of-mass frame

polsum  0.52069(24)  99.94(7) 0.52474(39) 100.00(9)

int -0.000029(292)

LL 0.03993(5)  7.664(11)  0.04031(7) 7.682(14)

L-T 0.08926(8) 17.132(18)  0.09020(11) 17.190(23)

T-L 0.1039(1) 19.942(22) 0.10462(12) 19.939(25)

T-T 0.2876(2) 55.20(5) 0.28962(24) 55.196(5)

Table 5.5: Integrated double-polarized cross sections for the ZZjj process at fixed LO
obtained with PHANTOM in Ref. [76] and SHERPA in the inclusive phase space defined
in Sec. 5.2; the polarization is defined in the laboratory and the ZZ-center-of-mass frame;
polarization fractions are calculated relative to the unpolarized result.

77 OPhantom |[fb]  fraction [%]  Osherpa [fD] fraction [%]

full 0.1270(1) 0.12715(25)

unpol 0.1264(1) 100 0.12801(10) 100

Laboratory frame

polsum 0.12621(5) 99.85(9) 0.12798(14)  99.97(14)

int 0.00003(10)

L-L 0.00910(1) 7.199(10) 0.009235(22) 7.214(18)

T-L+L-T  0.04842(4) 38.31(4) 0.04903(7) 38.30(6)

T-T 0.06869(3)  54.34(5) 0.06972(9)  54.46(8)
Z7Z-center-of-mass frame

polsum 0.12621(6) 100 0.12800(14)  99.99(14)

int 0.00002(10)

LL 0.01087(2)  8.600(17)  0.010968(24) 8.568(20)

T-L+L-T  0.04044(4)  31.99(4) 0.04103(6)  32.05(5)

T-T 0.07490(4)  59.26(6) 0.07600(10)  59.37(9)
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by the new implementation, it is clearly caused by the different approximations.

All in all, perfect agreement is found between the two generators regarding the VBS processes
in the studied inclusive phase space indicating that the separation of polarized cross sections
from the unpolarized calculation and the transformation to physical polarizations bases works

at least at the level of integrated cross sections.

Fiducial phase space

For a more thorough validation, this thesis also compares polarized differential distributions
with literature data for the WWTjj, the ZZjj and the W W™jj process. They are computed in
the fiducial phase spaces defined in Sec. 5.2. At first, the resulting integrated cross sections are
discussed, displayed in Tab.s 5.8-5.7. For all three processes, the unpolarized result reproduces
the full cross section at the 1% level, indicating small non-resonant contributions and low

off-shell effects not covered by the mass smearing.

Table 5.6: Integrated single-polarized cross sections for the ZZjj process at fixed LO obtained
with PHANTOM in Ref. [59] and SHERPA in the fiducial phase space introduced in Sec. 5.2;
single-polarized cross sections are given for the Z boson decaying into an electron-positron
pair being polarized; the polarization is defined in the laboratory frame; polarization fractions
are calculated relative to the unpolarized result.

77 OPhantom |ID] fraction [%]  OSherpa [fb] fraction [%]
full 0.06102(4) 0.060987(27)

unpol 0.06059(4) 100 0.06116(4) 100
polsum 0.05891(2) 97.23(7) 0.059452(29)  97.21(8)
int 0.00168(4) (diff) 2.77(7) 0.001712(24)  2.80(4)
long-unpol 0.01619(1) 26.721(24)  0.016230(15) 26.536(29)
left(-)-unpol  0.02676(2) 44.17(4) 0.027079(21)  44.27(4)
right(+)-unpol ~ 0.01595(1) 26.324(24)  0.016143(14)  26.394(28)

For the ZZjj (Tab. 5.6) and the W"W~jj process (Tab. 5.7), the literature only reports single-
polarized cross sections with polarization defined in the Lab, where the Z boson decaying
into an electron-positron pair or the W~ boson are considered as polarized. Generating a
left-handed Z or W~ boson seem to be most probable. For the WHW™jj process, it was not
possible to achieve a perfect agreement of the full results from SHERPA and PHANTOM.
However, since the literature only provides polarization fractions (relative to the full!) for this
process, this does not pose a limitation for the comparison.

Polarization and interference fractions obtained with SHERPA are in very good agreement
with the literature for both processes showing deviations in the sub-percent range at most.
The polarized cross sections for the ZZjj process differ from the literature about the same as

the unpol result (<1.5%), which is perfectly within the expected accuracy. The interference
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Table 5.7: Integrated cross sections for the WTW™jj process at fixed LO obtained with
PHANTOM in Ref. [58] and SHERPA in the fiducial phase space introduced in Sec. 5.2;
single-polarized cross sections are given for the W™~ boson being polarized; the polarization
is defined in the laboratory frame; polarization fractions are calculated relative to the full

result.
WHwW~ OPhantom [fb]  fraction [%] Osherpa [fb]  fraction [%)]
full 1.411(1) 100 1.3537(11) 100
unpol 1.401(1) 99.29(10)  1.3497(5)  99.70(9)
polsum 1.382(1) 907.94(10)  1.3309(9)  98.32(11)
int 0.019(1) (diff)  1.35(7) 0.0188(8)  1.39(6)
unpol-long 21 0.28969(33)  21.400(30)
unpol-left(-) 52 0.7047(5)  52.06(6)
unpol-right(+) 25 0.3365(4) 24.86(4)

prediction for both processes, whose cancellation is spoiled by the lepton selection criteria,

agree perfectly between the two generators.

Regarding the WTWTjj process, polarized cross sections for single- and double-polarized
(Tab. 5.8) signals with polarization defined in the Lab and in the COM are available in the
literature. For single-polarized cross sections, the W boson decaying into e*v, is considered
as polarized and is mostly transverse polarized (~75%). Compared to the inclusive phase
space, the additional lepton selection criteria applied reduce the cross section by roughly a
factor of two. Fiducial polarization fractions differ in absolute terms by at most a few percent
from the inclusive fractions (max. 2.7(2)% for TT-Lab(COM)), the differences between the
two polarization definitions remain. In contrast to the fiducial cross sections discussed for
the other two processes, the different definition of the transverse signals in SHERPA and
PHANTOM plays a role here and may be the reason for the 1.5%-4.5% reduction observed for
the SHERPA transverse cross sections? compared to literature data and for the different sign
of the interference. Deviations for the COM are slightly smaller than for the Lab polarization
definition. The observations that the longitudinal cross sections show only <1% difference (LL
in COM) or even complete agreement (Lab, single-polarized signals), the TT cross sections
are most affected (4-4.5% reduction w.r.t. the literature) and the differences between the
PHANTOM and SHERPA transverse cross sections are as large as the differences between
the interference predictions, fit to the expected behavior when comparing the two different
definitions. Therefore, a bug in the new implementation seems unlikely as an alternative cause.
As both generators deliver the same results for the unpolarized cross sections, the polarization

fractions differ by the same amount as the cross sections. For transverse signals, fractions

1A note on the terminology: The terms transverse cross sections/fractions/distributions in the case of double-
polarized cross sections include the pure transverse contribution (TT) but also the mixed components (LT,
TL) in the rest of the thesis. The TT contribution is then denoted as pure transverse contribution.
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relative to the polsum are also given in Tab. 5.8. For those, the influence of the different
definitions is reduced, leading to an agreement of closer than 1.5(1)% (double(single)-polarized)
with the literature for both polarization definitions, which is within the expected accuracy due

to the different approximations used.

Table 5.8: Integrated single- and double-polarized cross sections for the W Wjj process
at fixed LO obtained with PHANTOM in Ref. [76] and SHERPA in the fiducial phase
space introduced in Sec. 5.2; single-polarized cross sections are given for the W' boson
decaying into e'v, being polarized; the polarization is defined in the laboratory and the
W WT-center-of-mass frame; polarization fractions are calculated relative to the unpolarized
[polsum] result.

WHwt OPhantom |fb] fraction [%] OSherpa [fb]  fraction [%)]
full 1.593(2) 1.5901(13)
unpol (double)  1.572(2) 100 1.5744(7) 100
unpol (single) 1.572(2) 100 1.5726(9) 100
Laboratory frame

polsum (single)  1.5876(11) 100.99(15) 1.5591(11)  99.14(9)
int (single) -0.0156(23) -0.99(15) 0.0136(9)  0.86(6)
T-unpol 1.165(1) 74.11(11) [73.38(8)]  1.1369(10)  72.29(8) [72.92(8)]
L-unpol 0.4226(4) 26.88(4) 0.4222(5)  26.847(35)
polsum (double)  1.5999(10) 98.62(17) [100] 1.5503(17)  98.47(6) [100]
int (double) 10.0279(22) (diff) -1.77(14) 0.0241(15)  1.53(10)
L-L 0.1185(1) 7.538(12) 0.11871(18) 7.540(12)
T-L+L-T 0.6124(6) 38.96(6) [38.28(4)]  0.6005(8)  38.14(5) [38.73(6)]
T-T 0.8690(9) 55.28(9) [54.32(7)]  0.8311(10)  52.79(7) [53.61(8)]

W W™ -center-of-mass frame
polsum (single)  1.5856(21) 100.87(19) 1.5604(11)  99.22(9)
int (single) -0.0136(29) (diff) -0.87(18) 0.0122(8) 0.78(5)
T-unpol 1.182(2) 75.19(16) [74.45(14)] 1.1565(10)  73.54(8) [74.18(8)]
L-unpol 0.4036(5) 25.67(5) 0.4039(4) 25.684(29)
polsum (double) 1.5940(10) 101.40(14) [100] 1.5520(15)  98.58(10) [100]
int (double) 20.0220(22) (diff) -1.40(14) 0.0224(14)  1.42(9)
L-L 0.1552(2) 9.873(18) 0.15633(20)  9.929(13)
T-L+L-T 0.5038(6) 32.05(6) [31.606(38)] 0.4961(6)  31.51(4) [31.97(5)]

(
T-T 0.9350(9) 59.48(9) [58.66(6)]  0.8995(10)  57.13(7) [57.96(9)]
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5.4 Differential cross sections

As already announced in the previous section, differential distributions for the WTWTjj, the
77jj and the WTW~jj process are also compared with literature results for a more thorough
validation. In Fig. 5.1-5.3 distributions of two observables for each process are shown. For
a better comparison, the literature and the SHERPA distributions are shown side by side.
Further studied distributions can be found in Appendix D.1. Polarization definitions and type
of signal (single-/double-polarized) are identical to the integrated cross sections in the fiducial
phase space.

The shapes of the distributions generated with the new SHERPA implementation are in very
good agreement with the literature. Relative contributions of the several polarization modes to
the full and the relative differences between examined polarization definitions (if more than one
provided) seem to behave very similar. Slight differences in individual bins are well within the
accuracy expected when comparing the two different approximations. Except for the WTW™jj

process (incompletely fitting full result), the normalization of the distributions also fit well.

WTWTjj: For the WTWTjj process (Fig. 5.1), notable differences between the SHERPA
and PHANTOM polarized distributions can be observed above all for the T'T contributions
(p1,ww < 180 GeV, around 7.+ = 0 and A¢y < 1.5 (see Appendix D.1)). These regions, too,
stand out in the ratio plots for either slightly different shape of the polsum (Lab polsum
around 7.+ = 0 and COM polsum for A¢y < 1.5) or large interference effects in general
(p1,ww < 100 GeV). This indicates that the different definitions of the transverse signal and
with that the distinct interference contribution has an impact here and could explain the
slightly different behavior. It may also explains the slightly different normalization of transverse
polarized distributions for this process.

The polsum vs. full ratio is shifted downwards in the SHERPA results compared to the literature
predictions according to the positive rather than negative interference already observed in the
integrated cross sections. The shapes of the ratios of unpol and the polsums w.r.t. the full as
well as relative to each other are largely comparable with the literature result.

ZZjj: Regarding the ZZjj process, the only visible difference is found for the myzy distribution
shown in Fig. 5.2. At high myyz, the difference between the right-handed and the longitudinal
predictions seems to be smaller than in the literature, but this could be a statistical effect due
to the very small cross section in these bins.

W*TWjj: For the WTW™jj process (Fig. 5.3), the transverse polarized distributions of the
transverse W~ boson momentum p, - at low momenta show a slightly different behavior
respective to each other. In addition, the distance between the maxima of the full and polsum
distributions for my (and "V, see Appendix D.1) are slightly larger for the PHANTOM result
which could be caused by either slightly larger interference prediction in that region or off-shell
effects captured differently in the DPA.
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From the ratio plots in Fig. 5.1 for the W WTjj process and the differences between the full and
unpol distributions for the other processes, it can be deduced that the unpolarized distribution
approximates the full distribution to a good extend. For all three processes, the differences
are mostly below 2%. Larger non-resonant effects arise for high transverse momenta of the
VB pair and the positron in the WTWTjj process reaching differences up to 5% for p, o+ (see
Appendix D.1) as well as for the lepton-lepton invariant mass in the WTW~jj process below
50 GeV (up to 7-10%).
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Figure 5.1: Double-polarized distributions of the WHrW™ transverse momentum p 1LWW
(top) and single-polarized distributions of the positron pseudorapidity 770+ (bottom) for the
WHTWjj process from the literature [76] (left) and the new SHERPA implementation (right);
polarized differential distributions and the ratios over the full off-shell result are shown
in the top respectively bottom graph of each subfigure. Distributions are presented with
polarization definition in the WTW™ center of mass frame (com) and the laboratory frame
(lab) in the fiducial phase space according to Sec. 5.2. For the single-polarized distributions,
the W™ boson decaying into an anti-muon-neutrino pair is considered as unpolarized.
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Figure 5.2: Single-polarized distributions of the lepton decay angle cosf.+ (top) and of
the ZZ-invariant mass Myzy (bottom) for the ZZjj process from the literature [58] (left) and
the new SHERPA implementation (right); the Z boson decaying into u* ™~ is considered as
unpolarized, the polarization is defined in the laboratory frame (lab), simulations are done
in the fiducial phase space according to Sec. 5.2.

In conclusion, a very good agreement between PHANTOM and SHERPA simulations at fixed

LO is observed for both integrated and differential cross sections, independent of the VBs

involved and the polarization definition used. Observed deviations are small or can be attributed

to the different definitions of the transverse polarization in the literature and in SHERPA.

Furthermore, it is confirmed that the unpolarized predictions obtained by applying SHERPA’s

spin-correlated NWA reproduce the full result comparably well as the DPA for the investigated

processes and phase spaces. So, all in all, the new SHERPA implementation is able to provide

polarized cross section predictions comparable with the literature at fixed LO.
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Figure 5.3: Single-polarized distributions of the lepton-lepton-invariant mass my (top)
and the W™ boson transverse momentum p\iv_ (bottom) for the WTW™jj process from
the literature [58] (left) and the new SHERPA implementation (right); the W+ boson is
considered as unpolarized, the polarization is defined in the laboratory frame(lab), simulations
are done in the fiducial phase space according to Sec. 5.2.

5.5 Comparison of coherent and incoherent transverse signal

definition for W' production

As already discussed in Sec. 4.3, the current definition of transverse polarized cross sections
in SHERPA does not include any left-right-interference. Within the validation study in this
section, deviations between literature and SHERPA predictions are most commonly found for
transverse polarized cross sections. In this section, a short comparison of the coherent and
incoherent transverse signal definitions from SHERPA with the literature results is presented
for the single-W™j production process pp — e*1.j, since for them, the coherent definition can
be implemented very easily. The simulation settings and the phase space are chosen according
to Ref. [77] to allow for a comparison with literature data. Details about that are given in
Appendix C.2.

The literature predictions were computed up to NNLO accuracy with the STRIPPER framework

with tree-level amplitudes from the AvH library and one-loop amplitudes from a proprietary
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Table 5.9: Integrated cross sections for the Wj production at fixed LO obtained from the
literature [77] and SHERPA; for the SHERPA predictions results for the coherent and the
incoherent transverse polarization definition are displayed; the polarization is defined in the
laboratory frame, polarization fractions are calculated relative to the unpolarized result.

Wj Offperature [PD]  fraction [%] ogo . [pb]  fraction [%] 0§, [Pb]  fraction [%]

incoherent definition coherent definition
full 408.69(3) 420.97(37) 420.97(37)
unpol  413.83(3) 100 423.24(9) 100 423.24(9) 100
polsum 413.21(3) 99.850(10)  436.85(10) 103.216(32) 422.62(10) 99.854(32)
int 0.620(31) 0.150(7) -13.481(37) -3.185(9) 0.620(36) 0.146(9)
T 319.31(3) 77.160(9) 341.48(8) 80.682(26)  327.24(8) 77.318(25)
L 93.898(5) 22.710(2) 95.371(32)  22.534(9) 95.371(32) 22.534(9)
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Figure 5.4: Polarized distributions of the positron decay angle cos (9;;) and the positron
rapidity y.+ for the single WTj production process at fixed LO obtained with SHERPA for
incoherent (incoh) and coherent (coh) transverse signal definition (i.e. without and with
including left-right interference terms), polarization is defined in the laboratory frame (Lab).
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extension of OpenLoops 2. In addition, a spin-correlated narrow-width approximation is applied.
A mass smearing procedure is not mentioned. Comparisons with SHERPA simulations with
and without mass smearing result in a better agreement between literature and SHERPA
predictions if no mass smearing is assumed. Therefore, only these results are summarized
in Tab. 5.9 for the two different definitions of the transverse signal in comparison with the
literature.

It was not possible to reach full agreement for the full cross section results so differences between
SHERPA and literature prediction may occur. Nonetheless, it is evident, that the coherent
signal definition corrects cross sections and polarization fractions towards the literature results.
While the incoherent transverse fraction differ by 5% compared to the literature the deviation
is reduced to <0.5 % for the coherent definition. The interference prediction even agree in
cross section and fraction for the coherent definition.

The polarization fractions from SHERPA (coherent definition) and literature possess a good
agreement up to the sub-percent level indicating that the implementation also delivers reliable
predictions for the single W*-production case. Remaining differences could be caused to
the obviously not completely identical simulation results or result from a potential different
handling of spin-correlations.

Fig. 5.4 displays the distribution of the positron decay angle cos (8;) and the positron rapidity
Yot+. From them, it is evident, that the transverse signal definition can also have an effect
on the shapes of the distributions. A comparison with literature distributions in Ref. [77] is
more complicated at distribution level since Ref. [77] provides distributions at NNLO accuracy
only. Nonetheless, SHERPA can reproduce the principle shapes. Observed deviations can be
attributed to higher-order effects, e.g. deviating relative contributions to the polsum result
for both shown observables or the decrease of the differential distribution starting at smaller
rapidities y.+ than in the literature, especially for the longitudinal contribution.

All in all, this small study demonstrates that deviations observed in the previous section could
indeed be explained by the different definitions of the transverse signal used since the distinct
definitions can lead to notable differences in polarized integrated and differential cross sections.
In addition, no indications could be found that the new SHERPA implementation does not

work for the single VB production case.



6 Application in phenomenological studies

In the previous chapter, a very good agreement between the new SHERPA polarization
framework and the literature is found for several VB production processes at fixed LO,
leading to the conclusion that the new implementation is basically functional. Therefore, it
is subsequently applied in some first phenomenological analyses to give an insight into what
could be studied in terms of VB polarization utilizing the new features within the powerful
capabilities of SHERPA. For all performed simulations, the general simulation remarks given

in Sec. 5.1 are valid.

6.1 Influence of the polarization definition on polarized cross

sections for VBS processes at fixed LO

The VB pair center-of-mass frame and the parton-parton frame (PPFr) are common reference
systems used for VB polarization measurements in experimental analyses of VB production
processes [16, 18], but they are not fully studied for all VBS processes in the phenomenological
literature yet. With the new polarization feature in SHERPA, it is easy to investigate different
polarization definitions; all results for all reference systems of interest can be obtained with
a single simulation run. Therefore, as a first application of the new framework, this section
investigates four pure electroweak VB production processes in association with two jets with
different VB combinations at fixed LO with respect to the differences between Lab, COM
and PPFr reference frames. Furthermore, non-resonant and interference contributions are
discussed and compared among the processes. The Lab is chosen as the starting point since it
represents the measurement frame in SHERPA. Results for other polarization definitions are

always compared with the predictions for that reference system within this study.

6.1.1 Simulation setup

In order to study the influence of the polarization definitions on polarized VBS processes, the

following VBS processes are considered at fixed LO (O(a%,;,)):



68

W Wjj: pp — e ve i 1 jj
W W jj: pp = p* v, e i
W Zjj: pp — pt v, et e ij
ZZjj: pp — et e pt T jj

For each VB combination, only one decay channel is studied and only the "plus” signatures
are considered. Corresponding charge-conjugate processes and other decay channels can be
investigated analogously. For comparability, all investigated processes are simulated with the
same simulation parameters and phase space. The factorization scale is set to pup = My / V2.
All other simulation parameters are identical to the parameters introduced in Sec. 5.2. The

used phase space is defined as follows:
« selection criteria from the fiducial phase space defined in Sec. 5.2
e My > 200 GeV for a better comparison with DPA results in the literature
« b-veto to suppress top-resonance in W*Zjj, WTW~jj?
o | My — M+-| < 15 GeV for reduced «y contribution and finite cross sections

and is referred to as comparison phase space in this study.

Applied RIVET-analyses stay the same as in Sec. 5.2. The set of studied observables is selected
from those which were already considered in VB polarization studies for VBS processes in the
literature [58, 59, 76] and which possess significantly different shapes for distinct polarizations
useful for the extraction of single polarization components from unpolarized distributions. This
includes the transverse momentum as well as the pseudorapidity of all VBs p, vg, nvp and final
state charged leptons p j, 71, the charged lepton decay angles of the VBs cos 6}, the invariant
mass of as well as the azimuthal angle difference between two final state, charged leptons from
different VBs my, A®) and the transverse momentum of the VB-pair p, vB1 vBe.
Single-polarized as well as double-polarized cross sections are studied. For single-polarized
distributions of observables that are connected to only one VB, the following statements are
referring to only those observables associated with the VB considered as polarized. Observables
only connected with the unpolarized VB are found to be nearly unaffected by a change of the

polarization definition.

1For the W W™jj and the ZZjj process neglecting b quarks in the partonic process reduces the cross section
only by 0.5% (ZZjj) [59] or even leads to no differences within the statistical error (W WTjj).
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6.1.2 Integrated cross sections and polarization fractions

In this section, the effects of different reference systems on the integrated polarized cross
sections are discussed and compared between the considered processes. Fig. 6.1 gives an
overview of the polarization fractions for the four investigated VBS-processes obtained for
three different reference systems (Lab, COM, PPFr). Fractions for double-polarized (bottom)
as well as single-polarized (top) signals are shown. Corresponding cross sections can be found
in Appendix D.3. A quick comparison of integrated polarized cross sections with polarization
defined in the Lab and COM in the inclusive phase space of Sec. 5.2, also regarding the
differences between different VBS processes, was already done in Ref. [76]. Therefore, the
following discussion also probes the persistence of their findings in a more realistic setup that
also includes basic lepton selection criteria.

In the following discussion, cross section (XS) deviations among the various polarization
definitions are quantified as relative differences while absolute differences are stated for fractions.

If XS and fraction differences are both specified, a bracket notation is used: XS(fraction).

As noted in the validation study in Chap. 5, SHERPA’s NWA provides a good approximation
for the full result in the VBS phase space. This is confirmed by the results from this study
where the unpol cross section for all processes differs by at max. 1% from the full result.
Interestingly, the NWA approximation underestimates the full cross section for the processes

including only W* bosons but overestimates it for the W*Zjj and the ZZjj process.

Regarding double-polarized cross sections/fractions, the TT polarization is the dominant
contribution with roughly 55% for all processes, while the LL polarization is the smallest one
with 5-9%, beside the interference. It is enhanced in the COM compared to the other two
frames for all four processes wherefore this frame might be the best candidate of those for
extracting the LL part from the unpolarized result.

In the PPFr, the LL contribution is - for all studied processes - even smaller than in the Lab.
If the reference system is changed from the Lab to the PPFr, the polarization contributions
of the different processes behave pretty similar. Mixed and LL components are reduced by
4-5(1.4-1.7)% and 7-9(~ 0.5)% (except ZZjj with 12(0.8)% reduction for LL), which is balanced
by an increase of the transverse component by 2-4(1.3-1.9)%.

The similarity between the processes found when comparing Lab and PPFr polarization
definitions does not appear when evaluating differences between the Lab and the COM
definition. The LL component increases similarly for the ZZjj and the W' Zjj process in the
COM w.r.t. the Lab (XS: 22-23%), while it gains significantly more for the WHW~jj (XS: 26%)
and the WTWTjj process (XS: 45%). This leads to a larger LL polarization fraction of 1.3-1.6%
for the former three processes and ~ 3% for the WHWTjj process. A more detailed analysis
of Fig. 6.1 reveals that the WTWTjj and the ZZjj processes are influenced the most by the
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reference frame change from Lab to COM. Both show a rather large increase of the LL and T'T
(6(3.3)% (WHTWTij), 11(5.3)% (ZZjj)) contributions which is balanced by a reduction of the
mixed component by 15%/19%(1.7%). For the WTW~jj process, the TT component, however,
only shows a moderate increase of ~2(1)% in the COM w.r.t. the Lab. Consequently, the mixed
contributions are less reduced. The W*Zjj process reveals a fundamentally different behavior
when changing the reference system from Lab to COM than the other processes. This has
already been observed in Ref. [76] for the inclusive phase space in Sec. 5.2. The enhancement
of the LL component is compensated here by a decrease of the T'T component. The mixed
components basically stay the same for both polarization definitions (LT, <0.5(0.1)%) or even
increase slightly (TL, 2(0.4)% w.r.t. the Lab).

In general, the most polarization components in all processes except the W Zjj process are more
affected by a reference system change from Lab to COM than from Lab to PPFr (exception:
TT in the WTWjj process). For the WTZjj process, the transverse contributions show larger
deviations from the Lab results for the PPFr polarization definition.

Another feature can be identified for all polarization definitions when comparing the two mixed
contributions. While the LT and TL components show rather similar proportions (4-6.5(1)%
differences) in the WTW™jj process, the contribution with transverse W' and longitudinal
Z boson is preferred in the WZjj process (~30(6)% difference in each frame).

The interference contribution is very different among the studied processes. The processes
involving two W bosons show a significantly smaller interference fraction (1-3%) than processes
with Z boson participation. The largest interference contribution is observed for the ZZjj process
with about 6% w.r.t. the unpolarized result. The influence of the chosen polarization definitions
on the size of the interference contribution is also strongly process-dependent, spreading from
no deviations within MC errors (e.g. ZZjj Lab vs. COM) to differences of 42% (W+WTjj Lab
vs. PPFr) for XS and 0.7% for fractions (W™ Zjj Lab vs. COM). For all processes, the PPFr
polarization definition leads to the largest interference fraction. The COM definition results in
the smallest one (except for the ZZjj process with no difference between Lab and COM fraction
within the MC errors).

Looking at single-polarized cross sections, it turns out that the VBs are mainly left-handed.
The associated fraction is between 44 and 49% for all processes and polarization definitions
except for the WTZjj process with polarized W boson, where this fraction is much higher,
reaching 57-59%. For the majority of processes and polarization definitions, the longitudinal
polarization forms the smallest fraction (2-8% smaller than the right-handed fraction). The
exception from that is the WTZjj process, here the longitudinal fractions are up to 3% larger
than the right-handed ones.

Single-polarized cross sections / polarization fractions are less sensitive to varying polarization
definitions than their double-polarized associates, as already observed in Ref. [76] in an inclusive

phase space and for Lab vs. COM polarization definitions. The largest cross section differences
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appear for the longitudinal polarization in the most processes with at max. 8% (ZZjj, Lab vs.
COM) (beside the interference).

When going from Lab to PPFr, the longitudinal cross section/fraction is affected the most
and is reduced by about the same amount in all processes (4-6(~1-1.5)%). The transverse
polarization contributions are slightly increased by 1-3(<1)%.

The deviations between integrated Lab and COM predictions are more process-dependent
for single-polarized signals too, compared to the differences observed between Lab and PPFr.
The longitudinal components of the WTWTjj and the WTW~jj process are found to be
nearly unaffected by the reference system change (<1(0.4)%)2. This is different for the ZZjj
and the WTZjj process, whose longitudinal components additionally possess different trends
when comparing the two polarization definitions: while the longitudinal components for the
VBs contributing to the W*Zjj process show an enhancement of 6(1-1.5)%, the longitudinal
contribution for the ZZjj process is reduced by 8(2)%. The contribution of the right-handed
single-polarized VBs is enhanced in all processes w.r.t. the Lab, the left-handed contribution is
mostly reduced (except for the ZZjj process), if affected at all.

The interference contribution for single-polarized signals is smaller than the interference
prediction for double-polarized signals, since some interference terms of the VB considered as
unpolarized are already included into the polarized signals. Still, processes involving Z bosons
reach interferences contributions of 2-3%. The PPFr polarization definition still leads to the
largest interference contributions.

Polarized W' bosons reveal a similar interference in both WW-scattering processes- it is
the smallest one among all processes. The interference contribution of the (single-)polarized
W~ boson in the WTW™ process is about three times larger than for the polarized W' boson.
This is not found for the W' Zjj process, here, simulations with the W' or the Z boson being
polarized result in about the same interference contribution.

Analogous to double-polarized signals, the influence of the polarization definition on the
interference can be large for single-polarized VBs (XS: up to 53% for the WTW™ process if the
W+ boson being polarized), which - again - depends strongly on the process and, additionally,
on the polarized VB within one process (compare e.g. single-polarized W+ and W~ bosons in
the WTW™jj process).

2This behavior differs from Ref. [76] where the longitudinal components in the WTW™jj and the W W~ jj
process are reduced by 3% in the COM definition w.r.t. the Lab. Therefore, it is concluded in Ref. [76] that
the W1 Zjj process is again special among the processes due to the enhancement of this component in the
COM w.r.t. the Lab. This cannot be deduced from the results of the present study due to the observed
discrepancies for the longitudinal component in the WTW¥jj and the WHW™jj process. They are not caused
by the additional lepton selection criteria applied in this study which is concluded from simulations without
them (cf. Tab.s D.4, D.5 in the Appendix) revealing similar polarization definition effects as with them.
They seem to be due to the different scale choices whose effect is even larger for double-polarized signals: the
difference between LL cross sections in Lab and COM is 31[14]% for the WHW™Tjj[WTW~jj] process in the
literature, while the study within this thesis get a 24%[45%] difference. For the W Zjj and the ZZjj process
as well as for transverse contributions, such an influence of the scale choice is not observed.
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Figure 6.1: Polarization fractions for the pure electroweak WTWTjj, WTW~jj, WTZjj and
77jj processes at fixed leading order with polarization defined in the laboratory (Lab), the
VB pair center-of-mass (COM) and the parton-parton-frame (PPFr); simulations are done
in the comparison phase space introduced in Sec. 6.1.1; upper and lower diagrams show
single- and double-polarized polarization fractions respectively; polarization fractions are

calculated relative to the unpolarized result.

6.1.3 Polarized differential distributions

Besides the integrated cross sections and polarization fractions discussed in the previous section,

the polarization definition also has an effect on differential distributions. This largely depends

on the chosen observable and the studied configuration (double- or single polarized cross
sections with Lab vs. COM or Lab vs. PPFr). The change of the polarization definition is

found to have only little influence on the transverse momenta of single leptons or VBs for both

single- and double-polarized signals (see Fig. D.12 in the Appendix for an example). p, vpivs2,

my and A®; exhibit noticeable shape differences only when changing the reference frame
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from Lab to COM. For p, veivs2, they are much more prominent if double-polarized cross
sections are considered; for my they are completely local in the region of the peak (see Fig. D.13
for an example). n;, cos 6 and nyp reveal sizable shape deviations for all configurations. In
the following, for each configuration, one observable revealing noticeable shape differences is
shown and discussed in more detail to illustrate which deviations can appear on distribution
level when changing the reference system. In order to achieve better comparability among the

processes, the mixed polarized contributions are combined in this study.

In Fig. 6.2, the polarized VB pair transverse momentum distributions p, yvgivsz for the four
studied VBS processes are displayed as an observable showing significant shape differences for
double-polarized signals when changing the reference system from Lab to COM. This observable
was already discussed in Ref. [76] for the WTWTjj process also regarding differences between
the Lab and COM polarization definition. Comparing this result with the predictions for the
other processes, a similar shape is found for all of them.

Considerable differences between the two polarization definitions are visible for all processes.
The TT and mixed distributions in the COM and the TT distribution in the Lab exhibit
similar shapes among each other in each of the four processes, while the mixed distributions are
narrower in the Lab. The LL component has its maximum at lower values than the transverse
distributions; it differs between Lab and COM for all processes between p; = 60 GeV (Lab)
and 70 GeV (COM) except for the WZjj process (both at p;, = 60 GeV). Differences between
the two polarization definitions are dominant in the region of the peak. The LL component
reveals an enhancement in the COM compared to the Lab for p, above the peak to account
for the observed larger polarization fraction in that frame. The pure transverse distribution
is increased in the COM compared to the Lab for p,-values below 150-300 GeV, the specific
value depends on the process and the associated integrated polarization fraction. For larger
p1 values above 150-300 GeV, the Lab pure transverse component is larger. For the mixed
polarization, the sequence is switched to balance the behavior of the pure polarized components.
This behavior is found for all studied processes.

However, there are also differences among the processes, so this observable also serves as an
example for the observation that changing the polarization definition can lead to process-
dependent effects at distribution level, too. The four processes are distinguished mainly by the
magnitude of the differences between the polarization definitions in the peak region and in the
tail of the distribution. The WTWTjj and the ZZjj process show the largest differences in the
peak region, in the tail the differences between the two definitions are small. For the W W™ jj
and the WTZjj process, the magnitude of the fraction differences between Lab and COM in
peak and tail region is very similar.

Another observable showing process-dependent effects when changing the polarization definition
from Lab to COM is the azimuthal angle difference between charged leptons resulting from
the decay of two different VBs A®y (cf. Fig. 6.3 and Fig. D.16 in the Appendix). Fig. 6.3
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shows single-polarized A¢,+.- distributions for the W"W~jj process. They indicate that
the influence of the polarization definition on the distributions of the same observable can
be different for distinct types of (single-)polarized VBs. While the longitudinal fraction
reveals the same behavior for (single-)polarized W* and W~ bosons being larger in the COM
compared to the Lab below angular separations of § and smaller above, the behavior of the
transverse components differs among the two VBs. The left[right]-handed COM-contribution
is larger[smaller] compared to the Lab below A¢,+.- = 7 and vise versa above for the single-
polarized W boson but smaller[larger] below and larger[smaller] above Ag,+o- ~ 5 if the
W™ boson is the only polarized VB. Furthermore, it is also evident from this observable that
changing the polarization definition can have a significant effect on the shape of distributions

even if the integrated cross sections stay nearly unaffected.

Effects of changing the polarization definition are not always process-dependent. As already
evident from the polarization fractions, the PPFr polarization definition shows a rather similar
effect for all investigated processes w.r.t. the Lab. This also holds at the level of differential
distributions.

In Fig. 6.4 (a), the double-polarized Z-boson pseudorapidity distributions 71z, of the ZZjj
process are presented as an observable revealing noticable shape differences when changing
the polarization definition from Lab to PPFr. Due to similar effects for all processes and even
for all types of VBs, only polarized distributions for one process and VB is shown in Fig. 6.4.
Remaining distributions can be found in Fig.s D.14, D.15 (top left) in the Appendix.

The distributions of nyp reveal that the specific polarization definition can influence the dis-
crimination power of observables between different polarizations which is useful for extracting
polarization fractions from unpolarized distributions. In the PPFr, the shape of the pseudora-
pidity distribution for the different polarization combinations become more equalized which
reduces the discrimination power among polarizations of that observable in the PPFr w.r.t. the
Lab polarization definition. While polarization combinations with at least one longitudinal VB
reveal a symmetric shape with two clear maxima at about 7y = £1.5 and a local minimum
at nygp = 0 in the Lab, in the PPFr, the mixed component has just one maximum at zero
pseudorapidity and the two maxima of LL are only barely recognizable. In addition, the pure
transverse distribution is broadened around nyg = 0 for the PPFr definition w.r.t. the Lab,
the at least partial longitudinal polarized distributions are narrower than their Lab associates.
However, the homogenization of the distributions for different polarization combinations is not a
unique property of the PPFr; it can also be observed for the COM definition (cf. Fig. D.15 (top
right) in the Appendix). Furthermore, similar shape differences can be identified in the
single-polarized case and for the lepton pseudorapidity (cf. Fig. D.15 (c),(d) in the Appendix).
Thereby, the effect of the polarization definition on nyg distributions is found to be larger than
on 1 distributions where the transverse distributions are already more similar in the Lab frame

than for nyp differential cross sections.
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Figure 6.2: Double-polarized distributions of the vector boson (VB) pair transverse mo-
mentum p | yvpivez for the pure electroweak WHTWTij, WrW—jj, WTZjj and ZZjj processes
at fixed leading order with polarization defined in the laboratory (lab) and VB pair center-
of-mass frame (com) obtained with SHERPA in the comparison phase space introduced in
Sec. 6.1.1.
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Figure 6.3: Single-polarized distributions of the azimuthal angle difference between the
electron and the anti-muon A® +.- for the WTW™jj process at fixed leading order obtained
with SHERPA in the comparison phase space introduced in Sec. 6.1.1, the polarization is
defined in the laboratory (lab) and the WTW ™ -center-of-mass frame (com).

Fig. 6.4 ((b)-(d)) displays the single-polarized distributions of the electron decay angle cos’_
for the Z boson for all investigated polarization definitions. The lepton decay angle is special
compared to the other investigated observables since its definition also depends on the choice
of a system, namely for the determination of the VB’s direction of flight relative to which the
lepton decay angle is measured (called observable frame for this discussion). Typically, it is
chosen identical to the reference system for polarization definition but in Fig. 6.4 also the other
possibilities are shown.

Effects found for the different frame choices are similar among the W*Zjj and the ZZjj process
wherefore only the results for the former are presented here. Corresponding distributions for
the ZZjj process can be found in Fig. D.17 in the Appendix.

Independent of the observable and the reference frame, the lepton decay angle distributions
exhibit that leptons are preferably emitted orthogonal to the direction of flight of longitudinal
polarized Z bosons and approximately (anti-)parallel with respect to the flight direction of
(right)left polarized Z bosons.

Only small effects due to the different frame choices are found: if observable and reference
system match, the maxima of the distributions are the highest of all distributions with a fixed
observable frame. Furthermore, the cross section is reduced between the two maxima of the

transverse distributions if the two frames match compared to the non-matching cases.
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Figure 6.4: Single-polarized distributions of the electron decay angle cos §”_ for the WHZij
process with polarization and observable defined in the laboratory (lab), W Z-center-of-mass
(com) and the parton-parton-frame (ppfr) ((b)-(d)) and double-polarized distributions of the
Z boson pseudorapidity 7z, for the ZZjj process with polarization defined in the laboratory
(lab) and the parton-parton-frame (ppfr) ((a)) at fixed leading order obtained with SHERPA
in the comparison phase space introduced in Sec. 6.1.1
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Likewise, the longitudinal distribution is narrower, if the two frame choice match. These
effects are greatest for the COM observable system. Over wide ranges of the distributions
differences between Lab and PPFr polarization definition are smaller than differences between
Lab and COM for all observable frames. Around cos#* = £1, the longitudinal polarization
fraction increases while the transverse fractions decrease (left) or stay constant (right) when
observable and polarization frame are different compared to the matched case. The longitudinal

contribution reaches zero at cos8* = +1 only for the matched case.

To conclude, in this study the influence of different polarization definitions on VBS processes at
fixed LO is studied and compared among the investigated processes. Many aspects regarding
the different polarization definitions are found to be similar among them but changing the
polarization definition from Lab to COM also leads to process dependent differences in integrated
cross sections and some observables for single- as well as double-polarized signals. For integrated
double-polarized results, the W*Zjj process shows a distinct behavior under reference system
change from Lab to COM than the other processes which confirms the observations in Ref. [76] in
a more realistic setup. Studies of differential distributions and integrated single-polarized cross
sections do not indicate any process which is always special among all the others. Differences
in integrated and differential polarized cross sections between the Lab and the PPFr definition,
on the other hand, are observed to be similar for all studied processes. This matches the
expectations since the COM definition is more directly connected to the specific process than
the other two. Furthermore, effects of the polarization definition are found to depend on the
specific VB considered as polarized and can influence the discrimination power of observables
between different polarizations. Those effects can be present at distribution level even if the

integrated XS are basically unaffected by the reference system change.

6.1.4 Interferences between different polarizations, off-shell and

non-resonant effects in differential cross sections

Comparing the full and the unpol distributions (see upper ratio plots in Fig. 6.2, 6.3, 6.4),
SHERPA’s NWA performs well for the discussed observables in all studied processes; non-
resonant and not covered off-shell contributions are mostly below 2%. The processes involving at
least one Z boson mostly show very flat non-resonant contributions in all discussed observables,
being smaller than the non-resonant contributions to the other processes. For the WTWTjj
and the WTW™jj process, a considerable increase of the non-resonant contributions is observed

in the tails of the p, ww distribution, reaching nearly 4%.

Interference contributions can be investigated by analyzing the difference between unpol

and polsum in the upper ratio plot in the given distributions. Additionally, since polarized
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cross sections in SHERPA are calculated based on the entire matrix element tensor, the
interference between different polarizations can also be computed event-wise as a sum over all
off-diagonal terms of the tensor. This allows the direct simulation of interference distributions
without relying on any subtraction method. As an example for this feature, Fig. 6.5 (a-j)
display the interference distributions of VB pair the transverse momentum p, yg and of the
VB pseudorapidity nyp for different VB types for all four investigated VBS processes.

The shape of interference distributions is found to be process-dependent. Furthermore, different
polarization definitions can lead to changes in the interference distributions. The interference
distributions of p, vp,vs, serve as an example for these observations. Although the p,vp,vs,-
distributions for all processes show a similar shape peaking at p, =70 GeV, the peak widths
are different for the different processes. The PPFr distributions are merely shifted upwards
compared to the Lab distribution to account for the higher integrated interference and do
not show any considerable shape differences. In contrast, the COM distribution has a higher
value at the maximum for all processes followed by a faster decrease than the others. The
COM interference distribution for the WTWTjj process is special among the processes, beside
the peak it has a clear minimum at p, =210 GeV. This leads to a significant contribution of
negative interferences to this process distinct to the other processes, that only show small
negative interferences at high p, values or no negative interference at all (ZZjj) for the COM
distribution. In contrast to the polarized cross sections, the WtZjj process shows the largest
overall deviations between COM and the other reference frames for this observable. The
interference fraction is the largest for zero p, for all processes and reaches at max. 4-5.5% for
WHTWTjj, WHW™jj and 10-12% for WZjj, ZZjj.

The interference distributions for the pseudorapidity (Fig. 6.5(e-i)) show that interference
distributions can also largely depend on the concrete VB type under consideration besides a
process and polarization definition dependence: the pseudorapidity interference contribution of
the W™~ and the Z boson in WTW~jj, WZjj and ZZjj processes feature at least two maxima
at n ~ £2.5. For n-distributions of the W™ boson, they are only faintly visible, if at all. The
nw+-distributions tend to have a broad peak centered at zero pseudorapidity for all processes
involving W bosons. Furthermore, an influence of the polarization definition is clearly visible
especially for the WZjj and the ZZjj process which possess larger integrated interference
cross sections: the COM prediction is reduced compared to the other frames around zero
pseudorapidity for all VB-n. The Lab-distributions for ny- and 7z exhibit a third maximum
around zero 7, for ny+ the broad peak is narrower around zero 7 than in the distribution for
the other frames. Differences for the same VB among the investigated processes are mainly
observed for ny+ at the tails of the peak independent of the specific polarization definition.
The interference fractions for the 1 of the W' boson are rather small (<4%) compared to the
ones for the other VBs reaching at max. (8)16% for the (W™)Z boson.

A significant influence of the polarization definition on the interference distribution can also be
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found for A¢y (cf. upper ratio plots in Fig. 6.3, D.16) where the COM interference distribution
can have a completely different shape than the Lab interference (Fig. 6.3 (a)). At max. the
interference fraction for this observable reach ~4%.

Regarding the electron decay angle cos0?_ (upper ratio plots in Fig. 6.4) the largest impact
on the interference distribution is the non-matching reference and observable frame: while
the interference cross section is basically flat in the bulk of the distribution with a fraction
of about 2-3% it increases rapidly near cos¢’. = =1 reaching at max. fractions between
10-20%. Interestingly, this increase is not found for the lepton decay angle defined in the
COM observable frame (Fig. 6.4 (b)) if the WTZjj process is considered. For that case, the
distribution is not flat but a symmetrical distribution with a low maximum at cosf;_ = 0.
Such a shape is also found for the corresponding observable in the ZZjj process, but only for
the COM reference system. The other polarization definitions for the ZZ-COM-observable
system lead to distributions sharing the flat cross section in the bulk and an increase around
cosf_ = %1.

It is noteworthy that the interference contributions can be reduced by using the coherent
transverse signal definition instead of the incoherent definition applied for the shown results.
The ability to directly simulate the interference distribution should also ease the inclusion
of this contribution in measurements, as there is no need to resort to subtraction methods

anymore that can lead to high statistical uncertainties.
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Figure 6.5: Interference distributions of the vector boson (VB) pair transverse momentum
piveivez (a-d) and of the VB pseudorapidity nvg (e-j) for the pure electroweak WTWjj,
WTW~jj, WtZjj and ZZjj processes at fixed leading order with polarization defined in the
laboratory (lab)-, VB pair center-of-mass-frame (com) and the parton-parton-frame (ppfr)
obtained with SHERPA in the comparison phase space introduced in Sec. 6.1.1.
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6.2 NLO QCD corrections to polarized vector boson

production processes

The inclusion of higher perturbative orders in the hard matrix elements and merged calculations
provide two ways to obtain higher-order QCD corrections to simulated cross sections. As
outlined in Sec. 4.5, it is possible to apply the new polarization framework in SHERPA’s NLO
QCD calculations. The current implementation leads only to polarized predictions "at nLO
QCD accuracy”, since the calculation of polarization fractions does not take virtual effects
into account. Therefore, the first part of this section focuses on testing, whether SHERPA can
nonetheless deliver reliable predictions of the main NLO QCD polarization behavior. This is
done by comparing SHERPA results with full fixed-order NLO QCD calculations from the
literature. Afterwards, polarized cross sections obtained by combining SHERPA’s merging
method with the new polarization framework are discussed. In particular, the influence of
different merging scales is investigated.

Both studies are done on the example of the inclusive WZ production. If deviations between
polarization fractions are quantified in this section, relative differences are given in contrast to

the previous section since this is the more suitable quantity for the following discussions.

6.2.1 Simulation setup

In order to study higher-order QCD predictions with SHERPA at the example of the inclusive
W*Z production, simulation settings and the phase space are chosen according to Ref. [86].
This allows the comparison with full NLO QCD fixed-order results published there. More
specific, the pp — e® v, u™ = + X process is studied using the simulation settings and phase
space definitions given in Tab. 6.1.

Literature predictions in Ref. [86] were obtained with RECOLA [90] and COLLIER [91] for
amplitude-generation and MOCANLO for the integration. For polarized calculations, the DPA
was used.

SHERPA simulations at nLO accuracy use Born-level matrix elements calculated with
AMEGIC, except for the amplitudes employed for the polarization fraction calculations, the VB
decays and calculations at LO. Those amplitudes as well as real corrections are computed with
COMIX. Loop-virtual corrections are provided by OpenLoops using the SHERPA interface
to this program. Since there are still unresolved issues with polarized fixed-order calculations
at nLO QCD, the SHERPA simulations presented here are performed on particle-level. The
matching of the fixed-order NLO QCD calculation to the resummation of the parton shower is
done by SHERPA's internal implementation of the MC@QNLO method [57]. The core-scale of
the processes is set by SHERPA’s METS-scale setter.
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Merged calculations with SHERPA in this section investigate the pp — e v, u™ u~ process
merged with pp — et v u™ p7j at LO. All matrix elements are provided by COMIX. The
merging algorithm implemented in SHERPA is an extension of the CKKW method as detailed
in Ref. [75] (called MEPS@LO). The merging scale is varied between 20 and 1000 GeV. For
scale setting, the MEPS: CORE_SCALE setting is now used to set the core scale of the process
since this provides a consistent scale setting between matrix element calculations and parton
shower for additional emissions [92].

All SHERPA simulations performed in this section apply SHERPA’s default shower simulation,
QED radiation, hadronization, hadron decays and multiple interactions (cf. Ref. [93] for details).
QCD jets are identified by the anti-kT algorithm [94] with a jet resolution parameter of R = 0.4.
Corresponding SHERPA run cards are given in the Appendix Sec. C.3.

The RIVET analysis used for evaluating the simulation results is based on the
ATLAS_ 2017 11625109 standard analysis. Basically, the same observables as in Ref. [86] are
investigated. Selection criteria applied during event generation are set more inclusive than in
Tab. 6.1. During the RIVET analysis, the selection criteria in Tab. 6.1 are then applied on the
reconstructed final state jets and dressed final state leptons.

The whole study focuses on double-polarized signals.

Table 6.1: Simulation settings and phase space definition used for SHERPA simulations of
the inclusive WTZ production at nLO(QCD)+PS and LO+1j merged with PS.

Setting

PDF-Set from LHAPDF6 [88) NNPDF31 nlo_as_ 0118
Electroweak scheme G, G =1.16638 - 107° GeV™? and complex mass scheme (full),

real EW parameters (polarization)

Strong coupling ag(My) 0.118

Core-Scale p=1(Myz + My)

VB pol masses My = 80.352 GeV, My = 91.153 GeV

VB pol widths zero for all VBs in polarization calculations,
I'w = 2.084 GeV, I'y = 2.4943 GeV otherwise

Phase space Pret > 20 GeV, py = > 15 GeV, |y| < 2.5

AR+, > 0.2, ARz > 033
81 GeV < M+~ < 101 GeV, Mpw 1530 GeV

3The rapidity(y)-azimuthal angle(¢) distance is defined according to AR = /(Ay)2 + (A¢)2
4The W*-boson transverse mass is defined as Mrw = \/2p) c+p1,u, (1 — cos Age+,,).
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6.2.2 Comparison of predictions from SHERPA’s nLO QCD calculation
with full fixed-order NLO QCD literature data

Tab. 6.2 compares the integrated polarized cross sections obtained with SHERPA’s nLLO (QCD)
polarization setup with literature results containing all NLO QCD corrections. Both the
laboratory (Lab) as well as the W Z-center-of-mass reference frame (COM) are investigated.
NLO QCD corrections in W*Z production can be very large with K-factors around two. This
is due to the approximate radiation amplitude of zero, which is present at Born level but not
for real corrections at NLO QCD [86]. Compared to LO, the behavior of the LL component
at NLO QCD changes respective to the different polarization definitions, its contribution is
now larger in the Lab. Its fraction is generally reduced compared to the LO prediction (for
SHERPA cf. Appendix D.2.1). The TT component has the largest contribution at both orders
and for both reference systems but its relative contribution to the polsum/unpol is also reduced
compared to LO. The COM polarization fractions are much more affected by the higher-order
corrections than the Lab ones. This qualitative behavior is also predicted by the SHERPA
setup.

Comparing the SHERPA and literature results quantitatively, the unpolarized result is 4%
smaller than the literature value. Different to the polarization fractions, it also contains all
virtual corrections. The observed discrepancy between SHERPA and literature is already
present in the full calculations, indicating that it is caused by shower effects. An agreement of
the full results at fixed LO was reached, so that different simulation settings can be excluded
as a reason for the deviation. The SHERPA unpolarized result approximates the full cross
section better than 1.5%, implying that SHERPA’s NWA provides a good approximation to
the full result also at NLO QCD.

All SHERPA polarized cross sections are reduced by 3-6.5% compared to the literature results,
which is about the same as the unpol reduction itself. The largest deviations from the expected
4% reduction are found for the TT polarization (5.5% (Lab) / 6.5% (COM) w.r.t. the literature)
which could be due to the different definition of transverse signals used in SHERPA. This
could as well, at least partially, explain the more than four (Lab) / three (COM) times larger
interference result compared to the literature.

It is noteworthy, that the LL cross section for the COM definition is reduced by 5.5% w.r.t.
the literature too, which means that the simulated SHERPA polarization fraction is smaller
than the literature prediction (5.586% vs. 5.719% relative to the unpol). This delta cannot be
attributed to definition differences and the deviation is not observed for the LL contribution
in the Lab definition, where the fractions relative to the unpol agree (5.950% vs. 5.957%).
However, this deviation of the LL fractions in the COM of ~2.5% is within the accuracy

expected from the different approximations used. That also holds for the polarization fractions
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Table 6.2: Integrated double-polarized cross sections for the inclusive W'Z pro-
duction at NLO QCD in the phase space defined in Tab. 6.1 obtained with MO-
CANLO+RECOLA+COLLIER in Ref. [86] and SHERPA for polarizations defined in
the laboratory and W Z-center-of-mass frame; polarization fractions are calculated relative
to the polarization sum, the interference fraction is computed relative to the unpolarized
result, K-factors are obtained from dividing NLO QCD by LO cross sections leading to
statistical errors of O(1073) except for the interference (O(1071)), SHERPA results are
obtained with an nLO(QCD) setup neglecting virtual corrections on polarization fractions.

W*Z EjpoerQCD [fb]  fraction [%] K-factor Ugﬁggaps [fb] fraction [%] K-factor
full 35.27(1) 1.81 33.80(4)

unpol  34.63(1) 1.81 33.334(14) 1.80

Laboratory frame
polsum  34.544(8) 100 1.80 32.958(16) 100 1.79
int 0.086(13) (diff) 0.248(35) -2.97 0.376(6) 1.127(19) 3.45
L-L 2.063(1) 5.9721(32) 1.91 1.9835(15)  6.018(6) 1.90
L-T 6.108(2) 17.682(7) 1.93 5.909(5) 17.929(18) 1.94
T-L 7.409(4) 21.448(13)  1.69 7.108(5) 21.568(19)  1.69
T-T 18.964(7) 54.898(24)  1.80 17.957(9) 54.48(4) 1.78
W Z-center-of-mass-frame

polsum  34.411(9) 100 1.81 32.546(16) 100 1.80
int 0.219(13) (diff) 0.632(38) 1.54 0.787(6) 2.360(18) 1.94
L-L 1.968(1) 5.7191(35)  1.31 1.8622(23)  5.722(8) 1.28
L-T 5.354(1) 15.559(5) 2.65 5.201(4) 15.982(13)  2.69
T-L 5.097(2) 14.812(7) 2.68 4.9024(33)  15.063(13)  2.75
T-T 21.992(9) 63.910(31) 1.62 20.580(11)  63.23(5) 1.59

of the transverse contributions calculated relative to the polsum in Tab. 6.2° which reveals an

agreement of better than 3%.

This leads to the conclusion that virtual corrections do not seem to have a significant influence on

the polarization fractions and SHERPA’s nLLO (QCD) setup essentially predicts the polarization

fractions (and with that the polarized cross sections since the unpol contains full NLO QCD

corrections) at NLO QCD. In most cases, the differences between the COM fractions in SHERPA

and literature are slightly larger than those for the Lab. This is also true for the K-factors
which agree within 1 % for the Lab and 2.6% for the COM.

Fig. 6.6 and 6.7 show the distributions for the decay angle of the anti-muon cos 0;} and the

5As evident from Chap. 5, the influence of the different transverse polarization definitions applied in SHERPA
and the literature can be reduced by calculating polarization fractions relative to the polsum instead of
relative to the unpolarized result.



86

positron rapidity y.+ comparing literature and SHERPA predictions for the Lab and COM
polarization definition. Results for more observables are given in Appendix D.2.2.

The unpol distributions approximate the full predictions to a comparable extent as the literature,
mostly showing deviations of about 2-3% or less. The larger interference contribution due to
the different definition of transverse signals in SHERPA is clearly visible in larger differences
between the polsum and unpol result, e.g. in the y.+ = 0 region in Fig. 6.7 or between
coS 0/} = —0.75 and 0.75 in Fig. 6.6.

Regarding the polarized distributions, it can be deduced that NLO QCD corrections to them can
be very non-flat, e.g. for y.+ with polarization defined in the Lab (Fig. 6.7). Furthermore, they
can influence distinct VB polarizations very different (e.g. for ye+ in Fig. 6.7, A®q+,- in Fig. D.5
in the Appendix). Additionally, shape and size of the NLO QCD corrections for a certain
polarization state can largely depend on the polarization definition, as e.g. for distributions of
decay angles (Fig. 6.6, Fig. D.5), y.+ (Fig. 6.7), and the considered observable. The SHERPA
simulation can reproduce the shapes of the distributions as well as the K factors predicted
by the literature for all investigated observables to a very good extent. The normalization of
the distributions appears slightly reduced compared to the literature as expected from the
integrated cross sections. The SHERPA prediction for the size of the differential K-factors is
comparable with the literature.

The shapes of the K-factors exhibit some deviations in some phase space regions in the
distributions of the positron rapidity and the lepton decay angles. Remarkably, significant
deviations are only present for the Lab polarization definition: for |y.+| > 2, the differential
K-factor for the LL contribution is increased by up to 7% compared to the literature.

A more striking deviation can be seen in the differential K-factors for the lepton decay angle of
the Z boson in Fig. 6.6. For | cos 6’L+| > 0.85 and LL or TL polarization, the K factor decreases
from K = 2 to values around 1 (LO behavior) in the last bin. In the literature, it remains
nearly constant at a value of about 1.8(LL)/1.6(TL). This behavior is also present in the LL
and LT decay angle distributions of the W' boson (see Fig. D.5(bottom)). This means that
merely the longitudinal polarization component of the VB, whose decay angle is considered,
is affected. A comparison of results at fixed LO with LO+PS predictions (as done for said
decay angle distributions in Appendix D.2.1) reveals, that the shower raises the cross section
for the LL, TL (decay angle of the Z boson) or LL and LT (decay angle of the W boson)
distributions in the phase space regions near decay angles of 0° and 180° up to 180-190% and
220%, respectively. It seems that the shower in the LO+PS simulation already covers parts of
the NLO QCD corrections in that phase space regions which is why the K factor is declining
that much in Fig. 6.7.

However, the decay angle distributions for polarizations defined in the COM do not show such
a large growth in LO+PS distributions compared to the fixed LO results (see Fig. D.4, right

column). This is consistent with the observation that deviations in the K factors only occur for
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Figure 6.6: Double-polarized distributions of the anti-muon decay angle cos 0:} in inclusive

W*Z production from literature [86] (left) at full fixed NLO QCD and SHERPA (right)
at nLO(QCD)+PS accuracy; polarization is defined in the laboratory (top) and in the

W Z-center-of-mass frame (bottom), K-factors are the ratio of (n)NLO QCD over LO cross
sections.
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Figure 6.7: Double-polarized distributions of the positron rapidity ye+ in inclusive WZ
production from literature [86] (left) at full fixed NLO QCD and SHERPA (right) at
nLO(QCD)+PS accuracy; polarization is defined in the laboratory (top) and in the W Z-
center-of-mass frame (bottom), K-factors are the ratio of (n)NLO QCD over LO cross
sections.
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the Lab decay angles.

Apart from that, no significant deviations in the shapes of the distributions and the K factors
can be found. Thus, the effect of virtual corrections on polarization fractions seems to be
small at the level of distributions, too. This shows that the nLO(QCD) setup of SHERPA is
indeed able to also predict the NLO QCD behavior of polarized cross sections in VB production
processes to a very good extend, subject to a small influence of the virtual corrections on

polarization fractions also for the other VB production processes.

6.2.3 Study of LO+1jet merging polarization simulation in comparison
with nLO (QCD) predictions for the inclusive W*Z production

process

In this section, the combination of merged calculations with the new polarization framework in
SHERPA is studied on the example of the inclusive WZ production process. It is investigated
whether the dependency of the polarized cross sections on the merging scale matches the

expectations, i.e.

o at small merging scales: main real NLO QCD corrections are preserved, the results only

show a weak dependency on the unphysical merging scale

o larger merging scales: predictions of the NLO QCD corrections get worse and worse, the
behavior of the polarization fractions and distributions becomes more and more similar
to that at LO

Tab. 6.3, 6.4 and Fig. 6.8, 6.9 summarize the integrated cross sections and polarization fractions
obtained from these merged calculations with different merging scales applied. Results for the
polarization defined in the Lab (Tab. 6.3, Fig. 6.8) and the W"Z-COM (Tab. 6.4, Fig. 6.9) are
shown. Results for LO+PS and nLO( QCD)+PS simulations are given too for comparison.
Comparing the full and unpol between nLO(QCD)+PS and merged calculation with the
smallest merging scale, a deviation of 15% is obvious which is mainly caused by the missing
virtual corrections in the merged results. Accordingly, all polarized cross sections and associated
K factors appear reduced as well. However, the polarization fractions mostly show deviations
of about 1% or less for both polarization definitions, i.e. missing hard matrix element emissions
with energies below 20 GeV have no relevant effect on the polarization fractions. Exceptions
from that are the pure longitudinal fraction which is enhanced by 2%(COM) and 3%(Lab) in
the merged setup and the interference contribution in the Lab (decrease of 2%).

With increasing merging scale, cross sections and K-factors decrease continuously until they

reach the LO-results at merging scales between 500 and 1000 GeV depending on the polarization
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component (see Appendix D.2.3 for cross sections/K-factors for Q.=1000 GeV). The only
exception from that behavior is the TT component in the COM showing a slight increase
(~0.5%) when scaling up from Q.=20 GeV to 40 GeV.

A continuous change towards the LO result with increasing merging scale can also be observed
for the polarization fractions in the COM (see Fig. 6.9). For Lab polarization fractions
(Fig. 6.8), a distinct behavior is observed. While the polarization fractions of the mixed
polarized components show a continuous increase (TL) or decrease (LT) towards the LO result,
this is not the case for the purely polarized components: the T'T component first increases
towards the LO results with increasing merging scale, then overshoots it at ().=80 GeV and
grows even further when scaling up to QQ.=200 GeV. For merging scales above 200 GeV, it
decreases again. The LL fraction, in turn, first decreases until ().=200 GeV where it undershoots
the LO result and starts increasing again with merging scales above 200 GeV.

For the interference fraction, the same unexpected behavior as for the LL contribution is
observed for the COM polarization definition. With Q.=1 TeV, the differences to the LO
fractions are at the sub-percent level for both polarization definitions.

A more detailed comparison of the differences between small merging scales of .=20 GeV and
40 GeV reveals only a 1%-effect on the unpol result. Polarized cross sections are differently
affected, with deviations ranging from no difference (TT-Lab, LL-COM) to a 4.5%(TL COM)
reduction indicating that the missing hard matrix element emissions with energies between
20 and 40 GeV influence different polarization components differently. The interference cross
section(fraction) is influenced the most, it is reduced by 13.5(13)%(Lab)/6(5)%(COM) when
going from Q.=20 GeV to 40 GeV. The polarization fractions show a mild trend towards the
LO results and differ by 2.3%(LL-Lab) and 3.5% (TL-COM) or less.

Not covered off-shell effects and non-resonant contributions are small (~1%) for these merged
setups but are different between the two merging scales. For QQ.=20 GeV, the unpol result
undershoots the full result; for Q.=40 GeV it is exceeded by about the same amount. This
suggests a noticeable influence of hard matrix element emissions between 20 and 40 GeV on

the non-resonant contributions.

In Fig. 6.10, the influence of an increasing merging scale on the shape of distributions and
K-factors is illustrated on the example of the positron rapidity y.+ for the different polarization
combinations with the polarization defined in the Lab.

It can be clearly seen that NLO QCD corrections get more and more lost with increasing merging
scale, i.e. the K factors become more and more flat and their normalization is increasingly
approaching one. The transition to LO is not identical for all polarization components.
Polarization combinations containing a longitudinal W boson display LO behavior not later
than Q. = 500 GeV, with K factors being very flat-shaped at (). = 200 GeV merging scale
already. The other polarization combinations, in contrast, even show some differences to
the LO behavior at merging scale ). = 500 GeV. The plots of the normalized shapes at the
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Table 6.4: Integrated double-polarized cross sections for the simulation of inclusive WZ production with up to one jet merged to
parton shower at LO; polarized cross sections and K factors (K) for different CKKW-merging scales Q. are shown in comparison with
nLO(QCD)+PS and LO+PS results, all predictions are obtained with SHERPA; polarizations are defined in the W Z-center-of-mass
frame (COM), K factors are obtained from dividing nLO(QCD) by LO cross sections, statistical errors on the K-factors are of the order

of O(1073), except for the interference (O(1071)).
nLO+PS -=20GeV -=40GeV -=80GeV «=200GeV -=500GeV O+PS
<<<+ Z Og W@wmﬁmw K Qm@rowvm K Qm@rmwvm K Q‘%Tma@w K D.%ro:u@ K Q.%S%w K Q.Hm.\ro“ﬁvm.
[fb] [fb] [£b] [fb] [fb] [fb] [fb]
full 28.804(27) 27.840(25)
unpol ww.mimv 1.79 28. %@Mﬁ v 1.53 28. NOQAH v 1.52 mm.w%mﬁmv 1.42 21. @o.wﬁ v 1.16 18. @HOAHOV 1.02 Hm.mmiwwv
polsum ww.%ﬂav 1.79 27. wTRH v 1.53 27. mmmﬁ v 1.52 25. ﬂmﬂﬁ v 1.42 MH.HQHAHwV 1.16 18. %@@G v 1.02 H%.Hﬂm@wv
int o.ﬂwmﬁd 2.04 o.@ﬂmA v 1.73 o.mwmA v 1.63 o.mmwA v 1.41 O.REQA v 1.14 O.REHA v 1.05 o.wwiwv
L-L H.mm%wﬁwov 1.27 H.mwﬂwﬁwwv 1.11 H.mwmm@wv 1.11 H.mmﬂwAmwv 1.07 H.mammxw V 1.00 H%UHHG v 0.99 H.%mmmﬁmd
L-T m.uw%ﬁov 2.68 %.%owav 2.28 %.wmmgv 2.20 w.ﬂwﬂ&v 1.93 m.@@mﬂwov 1.38  2.0397 A v 1.05 H.wwﬂ%a:
T-L %.mwmﬁwv 2.73 %.H%w&v 2.31 w.wmm&v 2.21 w.%wmaab 1.92 M.%wmoﬂw v 1.36  1.8770 A v 1.05 H.ﬂ@HﬂAwC
T-T wo.mwgv 1.58 Hﬂ.mwmﬁwv 1.36 Hﬂ.ﬂHmﬁC 1.37 Hﬂ.o%mﬁc 1.31 E.mmﬁﬁ v 1.12  13. H@HA v 1.01 Hw.wﬂwﬁmv
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Figure 6.9: W'Z center-of-mass frame (COM) polarization fractions for inclusive W*Z production
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at nLO(QCD)+PS, LO+PS and

LO+1j merged with PS (left) and full, unpolarized distributions from merged calculations (top), corresponding unpol over full ratio
(middle) and ratio merged (Q. = 20 GeV) over NLO QCD+PS unpol for the distribution of the muon transverse momentum p ,- (right);
polarization fractions are calculated relative to the unpol result from data given in table above; all results are obtained with SHERPA.
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bottom of each subfigure indicate that choosing a small merging scale is crucial to get a good
approximation of the NLO QCD behavior. Significant shape differences compared to the
nLO(QCD)+PS predictions can be identified for a merging scale of 80 GeV already.

As can be seen from the normalized shapes and K factors in Fig. 6.10 (and further from the
normalized shapes in Fig.s D.7, D.8 in the Appendix), merged calculations with small merging

scales predict major parts of the nLO(QCD) polarization behavior - as expected.

Fig. 6.11 displays polarized distributions of the azimuthal angle difference between positron
and muon and the muon transverse momentum obtained at nLO(QCD)+PS and from merged
calculations with small merging scales (20 and 40 GeV) to illustrate the influence of merged
calculations on distributions w.r.t. the nLO(QCD)+PS result (upper ratio plot) and the effect
of a merging scale variation (lower ratio plot). Ratios of the polarized contributions are always
calculated with respect to their counterparts in the nLO(QCD)+PS/Q. = 20 GeV simulations.
Further observables can be found in Appendix D.2.4.

Virtual effects and the missing very soft emission effects from the NLO QCD hard matrix
element with energies below 20 GeV reduce all merged distributions by roughly 15% w.r.t. the
nLO(QCD)+PS results as already observed for the integrated results. Their influence is not
inevitably constant over the entire investigated phase space as can be seen from the ratios
Q. = 20 GeV over NLO+PS of the unpolarized result in Fig. 6.8, 6.9.

Merged calculations of the transverse results in Fig. 6.11 roughly show the same reduction as
the unpol compared to the nLO(QCD)+PS result.

Nonetheless, it can be noted that the lack of very soft emissions from the hard matrix element
below 20 GeV affects some polarization components different than others. For the observables
in Fig. 6.11 this is especially true for the pure longitudinal component at high angle separation
A®.+ - and high p, ,- above ~ 150 GeV where the deviations from the nLO(QCD)+PS result
are smaller than for the other polarization components or the nLO(QCD)+PS result is even
reproduced (Lab-LL p, ,-).

These specific effects are observed independently of the polarization definitions, but this is not
generally true. For low angle separations A®.+,- below %W, only the LL component defined in
the COM exhibits a larger influence of the missing soft emission, for the Lab definition this is

not observed.

When changing the merging scale from 20 to 40 GeV, missing contributions from hard matrix
element emissions between 20 and 40 GeV affect the different polarization components differently
too (see lower ratio plots in Fig. 6.11): transverse distributions in the Lab and TT distributions
in the COM exhibit deviations of less than 2.5% in the most bins for the two different merging
scales and the two observables. The LL contribution in the A®.+,- distribution at A®q+ -
below %71’ for Lab and %’N for COM is more influenced by these emissions than those other

polarization components.
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Again a dependence on the polarization definition can be observed: the deviation from the
LL result with Q. = 20 GeV is considerably larger for the Lab than for the COM definition,
reaching ~6-8% around A®.+,- = 0 (only 2-4% in COM). The larger LL-deviation in the Lab
leads to the conclusion that contributions from hard matrix element emissions between 20 and
40 GeV are one reason for the exceptionally large LL K-factor in the Lab compared to the
K-factors for the other polarization components for small A®+,- (cf. Fig. D.2.2 (middle)).
For the COM polarization definition, the mixed components in the A®.+,- distribution feature
the largest K-factors, presumably caused in parts by the soft emissions between 20 and 40 GeV
as indicated from the ~4% reduction of the Q. = 40 GeV w.r.t. the Q. = 20 GeV result.
However, the ratio of the two merged calculations is basically flat and therefore the shape of
the differential K-factor must be determined by higher energetic emissions.

Regarding the muon transverse momentum, only the LL(mixed) component is considerably
affected by the merging scale variation when the polarization is defined in the Lab(COM)
and p, ,-< 60(80) GeV. In this phase space region, also the LL(mixed) K-factor(s) (see
Fig. D.11) is(are) raised too compared to the others which thus may again (at least partially)
be explained by soft emissions between 20 and 40 GeV. In contrast, the giant K factors for
the transverse polarization combinations at high transverse momentum observed for both

polarization definitions appear to have no real contribution from emissions below 40 GeV.

Patterns recognized in these observables can also be seen for other observables (see Fig. D.2.2)
and are consistent with deviations observed for the integrated results. I.e., hard matrix element
emissions below 20 GeV (and for the Lab, between 20 and 40 GeV too) have a larger effect
on LL compared to the other components. Mixed components in the COM are more affected
by emissions between 20 and 40 GeV than the other polarizations in that reference frame.
Relations between larger deviations due to the absence of contributions from emissions between
20 and 40 GeV and exceptionally high K-factors in NLO QCD calculations for individual
polarization components, that become evident in some phase space regions, can also get noticed

for additional observables.

Fig. 6.8 (right) and Fig. 6.9 (right) compare the merged, unpol predictions for the two discussed
observables at (). = 20 GeV and 40 GeV with the corresponding full result indicating that the

non-resonant and not-covered off-shell effects amount to 3% or less.

In this study, the combination of SHERPA’s merging algorithm with the new polarization
feature is tested. Resulting polarization fractions are found to roughly tend to progressively
approaching the LO result with increasing merging scale - as expected. However, depending on
the polarization definition, the approach to LO results is not necessarily continuous. Distinct
polarization fractions show different deviations up to 3.5% and 3%, respectively, when changing

the merging scale from 20 to 40 GeV or comparing nLO(QCD)+PS and merged results for a
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small merging cut. From normalized shapes of observables it is evident that the main nLLO
QCD polarization behavior is also predicted by merged calculations. Detailed comparisons of
both nLO(QCD)+PS and merged distributions as well as results for merging scales of 20 and
40 GeV also reveal deviations that can differ for distinct polarization combinations. These
deviations allow for a partial explanation of some (large) K-factors observed in NLO QCD
calculations.

In order to evaluate the impact of the observed differences on experimental measurements, scale
and PDF variations would still have to be performed, which are not subject of this work. In
the most recent W*Z-production analysis [17], relative uncertainties on polarization fractions
amount to 6%(TT), 22%(TL, LL) and 28%(LT) so observed deviations between nLO(QCD)+PS
and merged polarization fractions lie within the experimental uncertainties.

However, since measurements of polarization fractions rely on multivariate analyses to deter-
mine them from a combination of several differential distributions it is difficult to assess the
concrete impact of the observed deviations between the different NLO QCD approximations on
experimental results, especially at distribution level.

Influences on distinct polarizations caused by different merging scales can be estimated by
merging scale variations. However, it is noteworthy, that similar large deviations for single
polarization combinations, relative to the general difference due to missing virtual effects,
can also appear compared to full or approximated NLO QCD results which, if only merged

predictions are possible, cannot be quantified.
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Figure 6.10: Polarized distributions of the positron rapidity for the inclusive W*Z-
production process and several merging scales (numbers in brackets) between 20-500 GeV com-
pared with distributions at nLO(QCD)+PS and LO+PS accuracy; distributions are obtained
with SHERPA, K-factors are calculated as nLO(QCD)+PS(LO+1jet merged) over LO+PS,
polarization is defined in the laboratory frame, each subfigure shows: nLO(QCD)+PS,
LO+1jet merged, LO+PS differential distributions (top), associated K-factors (center) and
normalized distributions for merging scales up to 80 GeV (integral equal to 1) (bottom).
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Figure 6.11: Double-polarized distributions of the azimuthal angle difference of positron
and muon A®.,- and of the muon transverse momentum p, ,- for the inclusive WZ-
production process; results obtained with LO+1j merged calculations with CKKW-merging
scales of 20 and 40 GeV are shown in comparison with results at nLO(QCD)+PS accuracy;
distributions are computed with SHERPA; polarization is defined in the laboratory frame
(left) and the W Z-center-of-mass frame (right), in each subfigure from top to down are
shown: differential distributions, ratio Q. = 20 GeV over nLO(QCD)+PS results, ratio
Q. =40 GeV / Q. =20 GeV.






7 Summary and Outlook

In this thesis, a new implementation in SHERPA is presented that enables the simulation
of polarized cross sections for massive unstable VBs. It is based on an already implemented
spin-correlated narrow-width approximation to omit not fully resonant diagrams. The calcula-
tion is essentially performed unpolarized and polarization fractions are recorded en passant,
forming additional weights for each event. Thus, all possible polarization combinations can
be obtained by a single simulation run. In addition to that, the interference between different
polarizations can be computed event-wise, i.e. without relying on subtraction methods. Several
polarization definitions are provided and can be simulated in the same simulation run, if more
than one reference system is desired. The use of the new polarization feature in combination
with SHERPA’s implementation of the MC@QNLO method allows to approximately predict
NLO QCD polarization behavior. Thereby, effects of virtual corrections on polarization fractions
are neglected.

The implementation is validated against literature data at fixed LO for several VBS processes,
showing a very good agreement. Noticeable differences are observed only for transverse po-
larized cross sections and the interference contributions in processes where transverse signals
are considered. This could be explained by the different definitions of such signals used in
SHERPA and PHANTOM.

Additionally, first applications of the new framework in phenomenological studies are presented
in this work. Aspects of VB polarization defined in different reference systems (laboratory (Lab),
VB pair center-of-mass (COM) and parton-parton frame (PPFr)) for several VBS processes are
discussed at fixed LO. Similarities are identified between the various processes investigated with
respect to the influence of different polarization definitions e.g. the larger pure longitudinal
cross section in the COM definition or differences between Lab and PPFr polarization definition,
but also deviations among the processes get elaborated. Moreover, it is shown that effects of
different polarization definitions can depend on the VB considered as polarized and can affect
the suitability of observables for extracting polarizations. Observations already made in the
literature regarding the influence of the COM relative to the Lab polarization definition on
integrated cross sections in an inclusive phase space are confirmed for double-polarized signals
in a more realistic fiducial phase space.

Furthermore, NLO QCD polarization effects on the inclusive W' Z-production are studied in
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this work. It is demonstrated that the nLO QCD polarization setup of SHERPA can reproduce
the full NLO QCD literature result in good approximation, both at the integrated level as well
as for differential distributions. The polarization fractions are found to differ by less than 3%
from the full NLO QCD literature result. This is a big step towards NLO QCD polarization
samples for LHC analyses from SHERPA.

In addition, it is shown that the main NLO QCD polarization behavior can be predicted in
merged calculations too, if a small merging scale is chosen. Deviations, occurring between
nLO(QCD)+PS and merged predictions as well as between small merging scales of 20 and
40 GeV are discussed for some observables, partially offering explanations for parts of the NLO
QCD K-factors.

So far, the full functionalities of the new features are only applicable to massive VBs. Nonethe-
less, the majority of the implementation is developed without placing assumptions on the
particle spin. Additional new polarization objects and the associated representation of the
Lorentz transformations merely need to be added to the framework to enable the polarized
simulation of intermediate particles with different spin types. This is planned for the near
future for at least massive spin 1/2 particles.

Additionally, the calculation of coherent transverse signals will be added to the polarization
framework.

By exploiting the interface to RECOLA [95] for polarized amplitudes of virtual corrections,
the current nLO QCD approach could be extended to a full NLO QCD polarization simulation.
Fixed order NLO QCD polarization simulations could be enabled too.

Since the functional capability of the new implementation could be demonstrated and suc-
cessfully validated in this work, it can now be applied in more extensive phenomenological
analyses. For example, its application for BSM physics predictions using SHERPA'’s interface
to UFO models is planned. Furthermore, the investigation of shower effects and the NLO QCD
polarization behavior in VBS processes is also conceivable, which both have not yet been

investigated in the literature.



A Manual

This chapter contains the section of the SHERPA manual [93] which describes the usage of the
new feature to simulate polarized cross sections. Compared to [93], the version presented here
is extend by some new findings which were made after the merge of the feature into SHERPA’s
master development branch [79] and will be added to them with the next update of the feature.

In addition to that, citations and references within the section are adjusted to this work.

A.1 Simulation of polarized cross sections for intermediate

particles

This section documents how Sherpa can be used to simulate polarized cross sections for un-
stable intermediate state particles. At the moment, only the simulation of polarized cross
sections for massive vector bosons is supported. Sherpa can simulate all polarized cross sections
in one simulation run. The polarized cross sections are handled during event generation
and printed out as additional event weights similar to variation weights. By default, the
cross sections for all polarization combinations of the intermediate particles are output. For
massive vector bosons also all transverse weights are calculated automatically. Beside this,
user-specified weights can be produced as described in section A.1.4. The transverse weights
are defined as an incoherent sum of all contributions where all intermediate vector bosons
have a definite left- or right-handed polarization, i.e. no left-right-handed interference is
included in this definition. Weight names for automatically provided weights have the form
PolWeight_refsystem.particlel.polarizationl_particle2.polarization2 ..., e.g. for
a right(+)-handed W+ and a left(-)-handed W~ the weight name becomes

PolWeight_ refsystem.W+.+  W+-.-. The sequence of the particles in the weight name corre-
sponds to Sherpa’s internal particle ordering which can be obtained from the ordering in the
process printed out when Sherpa starts running. The refsystem denotes the reference system
which needs to be specified for an unambitious polarization definition (cf. Sec. A.1.3).
Polarized cross sections in SHERPA can currently be calculated at fixed leading order, LO+PS
and in merged calculations. Furthermore, polarized NLO QCD corrections on the vector boson

production part (not on the decays) can be simulated approximately by neglecting effects of vir-
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tual corrections on polarization fractions. This is currently only possible on particle level using
SHERPA’s MC@NLO implementation for matching NLO hard matrix elements to the parton
shower. Note that the resulting unpolarized prediction which is also used to compute polarized
cross sections from the polarization fractions contains all NLO QCD corrections. More details

about the definition of polarization for intermediate vector bosons and the implementation in
SHERPA can be found in [96].

A.1.1 General procedure

The definition of polarization for particles in intermediate states is only possible for processes
which can be factorized into production and decay of them. To neglect possible not-fully-
resonant diagrams (i.e. diagrams where not each final state decay product particle line is
connected to a single intermediate particle), for which this factorization and the definition
of polarization for the intermediate particles is not possible, Sherpa applies an extended
narrow-width approximation. All intermediate particles are considered as on-shell but all spin
correlations are preserved. The production part of the process is specified in the PROCESSES
part of the run card whereas the possible decays are characterized in the HARD_DECAYS section.
Details about PROCESSES and HARD_DECAYS definition are described in the corresponding
chapters of this manual. The following example shows PROCESSES and HARD_DECAYS definition

of the same-sign W W™ -scattering with the W decaying into electrons or muons.

PARTICLE_DATA:
24
Width: 0
23:
Width: 0

WIDTH_SCHEME: Fixed

HARD_DECAYS:
Enabled: true
Mass__Smearing: 1
Channels:
24,12,—11: {Status: 2}
24,14,—-13: {Status: 2}

PROCESSES:
- 93 93 — 24 24 93 93:
Order: {QCD: 0, BEW: 4}
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L—
Things to notice:

o In PARTICLE_DATA the Width of the intermediate particles must be set to zero since they
are handled as stable for the hard process matrix element calculation. The particles are
then decayed by the internal (hard) decay module. If VBs are considered as intermediate
particles, the width of all VBs must be set to zero to preserve SU(2) Ward-Identities.
This also holds true for processes where only one VB type participates as intermediate

particle (e.g. same-sign WW-scattering process).

o For the calculation of polarized cross sections, spin-correlations between production and

decay of the intermediate particles must be enabled (which is the default)

o Enabling the smearing of the mass of the intermediate VBs according to a Breit-Wigner
distribution improves the applied spin-correlated narrow-width approximation by also
retaining some of the off-shell effects, details cf. HARD_DECAYS section.

« WIDTH_SCHEME is set to Fixed (real couplings) to be consistent with setting all VB widths

to zero.

The central setting to enable the calculation of polarized cross sections is:

HARD_DECAYS:
Pol_Cross_Section:

Enabled: true

The polarization vectors of massive vector bosons are implemented according to [35], equation
(3.19). Specifically, the polarization vectors are expressed in terms of Weyl spinors. For that,
an arbitrary light-like vector needs to be chosen. The definition of vector boson polarization
is not unambiguous. It can be specified by the options described in the following sections:

Pol_Cross_Section:Spin_Basis and Pol_Cross_Section:Reference_System.

A.1.2 Spin basis

For massive vector bosons, the choice of a light-like vector for their description in the Weyl
spinor formalism is not really arbitrary since it characterizes the spin axis chosen to define
the polarization. By default, the reference vector is selected such that polarization vectors are
expressed in the helicity basis since this is the common choice for vector boson polarization.
The polarization vectors are then eigenvectors of the helicity operator and have the same form

as in (3.15) in [35] after transformation from spinor to vector representation. Sherpa provides
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several gauge choices for the Weyl spinors. To really get the polarization vectors in this form,

the following spinor gauge choice must be chosen:

COMIX_DEFAULT_GAUGE: 0 I

HARD_DECAYS:
Pol_Cross_Section:
Enabled: true
Spin_Basis: Helicity

If Spin_Basis: ComixDefault is selected, the COMIX default reference vector specified by
COMIX_DEFAULT_GAUGE (default 1 which corresponds to (1.0, 0.0, 1/v/2, 1/4/2)) is used. Further-
more, it is possible to hand over any constant reference vector:

HARD_DECAYS:
Pol_Cross_Section:
Enabled: true
Spin_Basis: 1.0, 0.0, 1.0, 0.0

A.1.3 Reference system

The helicity of a massive particle is not Lorentz invariant. Therefore a reference system needs
to be chosen to define vector boson polarization unambiguously. Sherpa supports the following

options:

Reference_System: Lab (default)

Vector boson polarization is defined in the laboratory frame.

Reference_System: COM

Vector boson polarization is defined in the center of mass system of all hard-decaying particles.

Reference_System: PPFr

Vector boson polarization is defined in the center of mass system of the two interacting partons.

Sherpa allows the calculation of polarized cross sections for different polarization definitions

specified by different reference systems in one simulation run:

HARD_DECAYS:
Pol_Cross_Section:
Enabled: true
Reference_System: [Lab, COM]
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In addition to the options explained above, any reference system defined by one or several hard
process initial or final state particles can be used. This can be specified by the particle numbers
of the desired particles according to the Sherpa numbering scheme. Distinct particle numbers
should only be separated by a single white space, at least if more than one reference system is

specified. The second reference frame in the following example is the parton-parton rest frame.

HARD_DECAYS:
Pol_Cross_Section:
Enabled: true
Reference_System: [Lab, 0 1]

In the Sherpa event output, polarized cross sections of vector bosons defined in different
frames are distinguished by adding the reference frame keyword to the weight names, e.g.
PolWeight Lab.W+.+_ W-+.-. For reference systems defined by particle numbers, refsystemn
is added to avoid commas in weight names. n is the place in the reference system list specified
in the YAML-File starting at 0. For the example above this means e.g. PolWeight_ refsys-
teml.W+.4+ W+.-.

A.1.4 Custom polarized cross sections

Sherpa provides the calculation of two different types of custom polarized cross sections. On
the one hand, it is possible to specify a comma separated list of weight names from the
automatically calculated cross sections. These cross sections are then added by Sherpa and
printed out as additional event weights. On the other hand, partially unpolarized cross sections
can be calculated. These can be specified by the numbers of the particles which should be
considered as unpolarized. Again, the numbering of the particles follows the Sherpa numbering
scheme. Noteworthy, the partially unpolarized weights also contain interference contributions
from the unpolarized intermediate particles. Therefore an additional interference weight is
added to the output describing the sum of the remaining interference contributions. Custom
weights are generally specified by Weight in the run card. By adding numbers to Weight e.g.
Weightl, Weight2 ... more than one custom cross section can be calculated. The number is
limited to Weight10 by default but can be increased by using Number_of custom_weights.

In the following example the W™ is considered as unpolarized:

HARD_DECAYS:
Enabled: true
Mass_Smearing: 1
Channels:
24,12,—11: {Status: 2}
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—24,—-14,13: {Status: 2}
Pol_Cross_Section:

Enabled: true

Weightl: W4+ .+ W— .+, W4.— W—.+
Weight2: 3

PROCESSES:
- 93 93 — 24 —-24 93 93:
Order: {QCD: 0, BEW: 4}

For partially unpolarized cross sections, the weight naming pattern is adjusted. The polarization
of the unpolarized particle in the weight names is set to "U” and their spin labels are moved
to the beginning of the weight name. If more than one intermediate particle is considered as
unpolarized, the particle ordering among the unpolarized particles is preserved. The weight
name is then prefixed by the name of the custom weight as specified in the run card. Thus,
for the single-polarized cross section of a right-handed W' boson in opposite sign WTW~
production with polarization defined in the laboratory frame (named Weight2 in the example
run card above), the final weight name becomes PolWeight_Lab.Weightl W-.u_W+.+.

For custom cross sections specified by weight names (e.g. Weightl in the example above),
PolWeight refsystem.Weightn is used instead to avoid long weight names. Hereby, Weightn

corresponds to the corresponding setting in the run card.



B Theoretical remarks

B.1 Completeness relation for off-shell vector bosons

In Sec. 2.2.1, the completeness relation and a representation of polarization vectors for on-shell
massive VBs is given. Since massive VBs appear as unstable particles within observable
processes they are off-shell. Off-shell polarization vectors can be obtained from their on-shell
associations by replacing the VB rest mass by the invariant mass of the off-shell VB momentum

\/q?. This effectively changes the longitudinal polarization only:

0

eh(p) = jj(@,Cosgbsin&singbsin@,cos@) . (B.1)
g \D

An off-shell VB can have four spin degrees of freedoms, the fourth auxiliary polarization can

be chosen as [59]:

2 2

e = %(E, |q] sin 0 cos ¢, | ] sin O sin ¢, |g] cos 0) . (B.2)
v

It vanishes for on-shell particles as expected. The completeness relation for off-shell particles

can be obtained by the same replacement as for the polarization vectors:

3
v, 9" -
—g" + Z ZEQL(Q)@ (q)- (B.3)
i=1
Adding
2 2
m vk _ q — My w,ov B.4
el (@) (q) —qu% q-q (B.4)

on both sides of Eq. B.3 leads to the completeness relation in Eq. 3.10 used in Sec. 3.3.
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B.2 Remarks on the matrix element transformation in Eq. 4.7

In this section, some remarks to the derivation of Eq. 4.7 are given. Only matrix elements of
intermediate VBs are considered since intermediate fermions are not part of this thesis. For
simplicity, the production tensor of a process with two intermediate VBs is considered and
momentum dependencies of polarization vectors and matrix elements are suppressed. The
reduction to decay matrices always involving only one single VB or the extension to production
processes with more than two VBs are straightforward.

May spam” and l"# be the (outgoing ') polarization vectors of polarization A; and r; in
the desired (new) and the matrix element calculation’s default (old) polarization definition,
respectively. Both are connected by a linear combination (basis transformation):

~part1u partl partip parti _partip parti _partip
Ex, ay, L&y | Fay, el T+ ay o g . (B.5)

The squared matrix elements in the new polarization definition can be written in the form:

new prod ~partl g1 ~part2 uo sprod ~*partl vy ~xpart2 vo
M |)\1/\2,/\’ : Mm 12E A1 € Mul,uz EN, EX, . (B.6)

Substituting Eq. B.5 into Eq. B.6 yields:

|Mnew|2 Mprod partl partlul +a partl partlul +a partl partlul
A2, NN, T sz | O+ ay,,— &~ @x,0 o

part2 part2,u2 part2 part?ug part2 part2u2
CLA2++ tay, e T ay,0 €o

M*prod spartl spartlyg +a s*partl *partlul +a *partl spartlyy
v1,V2 A,+ T )\’ - 1,0 <0

I *part2 _xpart2 o *part2 *part2 12 *part2 *part2 Vo
€ +a ta

M+ T €o
a[partlapartQGI*partl *part2 Mprod partlulgparﬂuz M*prod *partlulg*parwug (B7)
AL+ A2+ N+ )\’2,+ 1,02 Sus + vi,v2 ©+ +
Vv TV -
1d *old
MIS MEY
partl part2 spartl spart2 prod _partlu; _part2 po xprod _*partlyy _xpart2vs
a3 - G Oy Oy M, e T M e &
vV
1d *old
M M+°+

+ ...

The last expression corresponds to the sum in Eq. 4.7 for two particles and follows from the
fact that only the polarization vector changes in the matrix element, i.e. ./\/lﬁrl(fﬁ2 is the same in
the old and new matrix element. All in all, it contains m?2, ;, - m2, ., (equals to 81 for two VB)
terms with my,pe; denoting the spin degrees of freedom of particle i, i.e. all matrix elements
of the old production tensor take part to each of the matrix elements in the new polarization

basis.

IFor decay matrices incoming polarization vectors need to be considered instead



C Runcards

C.1 SHERPA-Simulation of VVjj processes

The following run cards got compiled for the same-sign W W™ scattering process and utilized
for the validation against Ref. [76]. They configure the polarization simulation and the full
calculation, respectively. For the other VVjj production simulations, only minor adjustments
are necessary: For all WTWTjj, the vector bosons in the PROCESSES description and the allowed
decays in the HARD_DECAYS section are changed accordingly (cf. Tab. C.1). Additionally, the

Table C.1: SHERPA PROCESSES and HARD_DECAYS syntax for the SHERPA simulation of
VVjj processes.

Process  full polarized calculation
PROCESSES PROCESSES HARD DECAYS

Validation against Ref. [76], [59] (only ZZjj) and phenomenological simulations (only ZZjj)
WHW™jj 9393 ->-111213-1493 93 93 93 -> 24 -24 93 93 24,12,-11: Status:2
-24,-14,13: Status:2
W+Zjj 9393 ->-111213-139393 9393 -> 2423 93 93 24,12-11: Status:2
23,13,-13:: Status:2
27jj 9393 -> 11-11 13 -13 9393 -> 23239393 23,13,-13: Status:2
23,11,-11: Status:2
Validation against Ref. [58] and phenomenological simulations
WHW™jj 9393 ->11-12-13 1493 93 93 93 -> 24 -24 93 93 24,14,-13: Status:2
-24,-12,11: Status:2
W(+)ij 9393 ->-131411-119393 9393 -> 242393 93 24,14,-13: Status:2
23,11,-11:: Status:2

mass selection criteria on the VB pair invariant mass are added to the SELECTORS for the full
simulation by the help of the Variable Selector, e.g. for the W Zjj:
- VariableSelector:

Variable: m
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Flavs: [-11, 12, 13, -13]

Ranges:
- [200, E_CMS]

The required mass cut on the Z mass is given by

[Mass, 13, -13, <MINZMASS>, <MAXZMASS>] or

[Mass, 11, -11, <MINZMASS>, <MAXZMASS>] within the SELECTORS scoped setting.

Except for the W WTjj validation simulation, the scale was set to:

SCALES: {VAR{0.5%Abs2(p[2]+p[3]1+p[4]1+p[5])}} (full) or

SCALES: {VAR{0.5*Abs2(p[2]+p[3])}} (polarized).

For the validation against Ref. [58] the jet selection criteria were adjusted. A perfect b-veto on
initial and final states is realized by setting the b-quark massive:

PARTICLE DATA:

5:

Massive: true

The Single Polarized_Channel setting was only used for processes involving two identical
VBs to provide single-polarized cross sections where the polarized VB decaying due to a certain
decay channel. This setting specifies the decay channel whose parent VB should be polarized
(for ZZjj simulation: Single_Polarized_Channel: {Weightl: Z.T_Z.0, Z.0_Z.T}). Corre-
sponding weights are calculated by a private method in PolWeights_Map and therefore is not
documented in the manual. To investigate VB polarization defined in the parton-parton frame,

PPFr has to be added to the Reference_System list.

# Sherpa configuration for same sign WW-production from jj and W-

decay to e-nu, my-nu

# set up beams for LHC run 2
BEAMS: 2212
BEAM_ENERGIES: 6500

# Switch off multiparton interactions
MI_HANDLER: None # Amisic

# Switch off Shower gemnerator
SHOWER_GENERATOR: None

# no hadronisation

FRAGMENTATION: None

# switch off QED corrections

ME_QED: {ENABLED: false}

# matrix element calculation

ME_GENERATORS:
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— Comix
BEAM_REMNANTS: false

# PDF settings

PDF_LIBRARY: LHAPDFSherpa
PDF_SET: NNPDF30_lo_as_0130
ALPHAS: {USE_PDF: 1}

# Coupling constants
EW_SCHEME: Gmu

GF: 0.0000116637
WIDTH_SCHEME: Fixed

EVENT_GENERATION_MODE: Weighted

SCALES: VAR{PPerp(p[4])*PPerp(p[5])}

# Specify certain spinor gauge to receive expected helicity states

COMIX_DEFAULT_GAUGE: 0

# Modified particle data
PARTICLE_DATA:
24:
Width: 0
Mass: 80.358
23:
Mass: 91.153
Width: 0

# Disable QED correction module
YFS:
MODE None

# Allowed W-decays after calculating their production matrix

element
HARD_DECAYS:
Enabled: true
Mass_Smearing: 1
Channels:
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24,12,—11: {Status: 2}
24,14,—13: {Status: 2}
QED__Corrections: 0
# Settings for polarized cross sections
Pol_Cross_Section:
Enabled: true
Spin_Basis: Helicity
Reference_System: [Lab, COM]
Weightl: W4-.0_W+.T, W+.T_W-+.0
Single_Polarized_Channel: 24,12,—-11

# production process: (jj -> W W j j)
PROCESSES:
— 93 93 — 24 24 93 93:

Order: {QCD: 0, EW: 4}

# Jet cuts

SELECTORS:

— FastjetSelector:
Expression: Mass(p[4]+p[5]) >500
Algorithm: antikt

N: 2
PTMin: 20.0
EtaMax: 5.0

— FastjetSelector:
Expression: abs(Eta(p[4])—Eta(p[5]))>2.5
Algorithm: antikt

N: 2
PTMin: 20.0
EtaMax: 5.0

ANALYSIS: Rivet
RIVET:
—analyses:
- MC_polssWW__Analysis
- MC_polssWW__Analysis:PHASESPACE=FIDUCIAL

—ignore—beams: 1
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# Sherpa configuration for the simulation of the full same-sign W-
pair production process in association with two jets (mixed

flavor decay channel only)
BEAMS: 2212
BEAM_ENERGIES: 6500

MI_HANDLER: None
SHOWER_GENERATOR: None
FRAGMENTATION: None
ME_QED: {ENABLED: false}
ME_GENERATORS:

— Comix

BEAM_REMNANTS: false

PDF_LIBRARY: LHAPDFSherpa
PDF_SET: NNPDF30_lo_as_0130
ALPHAS: {USE_PDF: 1}

YFS:
MODE None

EW_SCHEME: Gmu
GF: 0.0000116637
# Constructing real complings from complex EW parameters

# in CMS is ambigious

GMU_CMS_AQED_CONVENTION: 4

PARTICLE_DATA:
24
Mass: 80.358
Width: 2.084
23:
Mass: 91.153
Width: 2.494

EVENT_GENERATION_MODE: Weighted
SCALES: VAR{PPerp(p[6])*PPerp(p[7])}
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PROCESSES:
— 93 93 — —11 12 —13 14 93 93:
Order: {QCD: 0, EW: 6}

SELECTORS:

— FastjetSelector:
Expression: abs(Eta(p[6])—Eta(p[7]))>2.5
Algorithm: antikt

N: 2
PTMin: 20.0
EtaMax: 5.0

— FastjetSelector:
Expression: Mass(p[6]+p[7]) >500
Algorithm: antikt

N: 2
PTMin: 20.0
EtaMax: 5.0

ANALYSIS: Rivet
RIVET:
—analyses:
- MC_polssWW_Analysis
- MC_polssWW__Analysis:PHASESPACE=FIDUCIAL

—ignore—beams: 1

C.2 SHERPA-Simulation of W'j production

In this section, some details are presented about the short study of the single W*j production
process regarding the different definitions of the transverse signal recently used in SHERPA
(incoherent definition) and in the literature (coherent definition including left-right interference).
Tab. C.2 summarizes the simulation settings and the phase space selection chosen according to
Ref. [77].

To calculate the coherent transverse signal, the labeling method described in Fig. 4.4 is extended
such that the interference terms in the amplitude tensor get labeled with two indices per particle

too and get stored in a temporary C++ map containing all labeled entries of the amplitude

'For the definition of My w see Sec. 6.2.1
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Table C.2: Simulation settings and phase space definition used for SHERPA simulations of
the single Wj production process at fixed LO.

Setting

PDF-Set from LHAPDF6 [88] NNPDF31 lo as 0118
Electroweak scheme G, Gy =1.16638 -107° GeV™? and complex mass scheme (full),

real EW parameters (polarization)

Strong coupling ag(Myz) 0.118

Factorization scale fr=3 (1 [ MG + D7 w + 2 imiers pLj)

VB pol masses My = 80.352 GeV, My = 91.1535 GeV

VB pol widths zero for all VB in polarization calculations,
I'w = 2.084 GeV, I'y = 2.4943 GeV otherwise

Phase space prj > 30 GeV, |y| <24

PLe+ > 25 GeV, ne+| < 2.5
ARg+ ;> 0.4, Mpw ' >50 GeV

tensor. Furthermore, the method for allowing the addition of polarization weights specified in

the run card is adjusted such that interference terms can be added too.

# Sherpa configuration for single W+jet-production and W-decay to
e-nu

BEAMS: 2212

BEAM_ENERGIES: 6500

MI_HANDLER: None
SHOWER_GENERATOR: None
FRAGMENTATION: None
ME_QED: {ENABLED: false}
ME_GENERATORS:

— Comix

BEAM_REMNANTS: false

PDF_LIBRARY: LHAPDFSherpa
PDF_SET: NNPDF31_lo_as_0118
ALPHAS: {USE_PDF: 1}

YFS:
MODE None
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SCALES: VAR{0.25x(sqrt (PPerp2(p[2])+Abs2(p[2]) )+PPerp(p[3]))*(sqrt(
PPerp2(p[2])+Abs2(p[2]))+PPerp(p[3]))}

EW_SCHEME: Gmu
GF: 0.0000116638
WIDTH_SCHEME: Fixed

COMIX_DEFAULT_GAUGE: 0

PARTICLE_DATA:
24
Mass: 80.3520
Width: 0
23:
Mass: 91.1535
Width: 0

HARD_DECAYS:
Enabled: true
# disable mass smearing
Mass__Smearing: 0
Channels:
24,12,—11: {Status: 2}
QED_Corrections: 0
Pol_Cross_Section:
Enabled: true
# coherent transverse signal definition
Weightl: W4+.T, WH.+—, WH+.—+
# new interference contribution without left-right
interference
Weight2: W+.0+, W4.40, W4.0—, W4.—0
# new polsum including left-right interference
Weight3: W+. T, W+.0, W4.+—, W4.—+

# (33 > W P
PROCESSES:
— 93 93 — 24 93:



C.3 Inclusive W' Z production at nLO QCD+PS and LO+1j merged with PS with SHERIBA

Order: {QCD: 1, EW: 1}

SELECTORS:

— FastjetFinder:
Algorithm: antikt

N: 1
PTMin: 30.0
YMax: 2.4

ANALYSIS: Rivet
RIVET:
—analyses:
- MC_singleW_Analysis
- MC_singleW_Analysis:PHASESPACE=FIDUCIAL

—ignore—beams: 1

C.3 Inclusive W"Z production at nLO QCD+PS and LO+1j
merged with PS with SHERPA

The first run card printed below is used for the polarized simulation of the inclusive W1Z
production at LO with up to one jet merged with parton shower, the second one to compute
polarized predictions within SHERPA’s nLO QCD setup for polarization calculation (cf.
Sec. 4.5). The third run card is utilized for the performed full calculations. The METS scale
setter in the nLO QCD run setup is used for the comparison with NLO QCD fixed-order
calculations. For the comparison with merged calculations, the core scale is set with MEPS:
CORE_SCALE for a scale setting consistent with the parton shower for additional emissions [92].
To perform the simulations at fixed LO and LO+PS displayed in Appendix D.2.1, the run cards
for the nLO+4PS calculation to validate with fixed-order results need to be slightly adjusted by:

LO+PS The PROCESSES setting in the nLO+PS and merged calculations is replaced by
PROCESSES :
- 93 93 -> 24 23:
Order: QCD: 0, EW: 2
The scale is set analogously to the polarized calculations. Furthermore, the PDF set is
changed to NNPDF31 _lo_as_0118.

LO parton shower, hadronization, QED corrections, beam remnants and multi-parton interac-
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tions are disabled as in the run cards in Appendix C.1, the PROCESSES section is chosen
as given for the LO+PS setup, for scale-setting the MEPS scale setter is replaced by the
VAR scale setter

# Sherpa-configuration for inclusive WZ-production at LO
# with up to one jet merged to parton shower

BEAMS: 2212

BEAM_ENERGIES: 6500

ME_GENERATORS:

- Comix

PDF_LIBRARY: LHAPDFSherpa
PDF_SET: NNPDF31_nlo_as_0118
ALPHAS: {USE_PDF: 1}

MEPS:
CORE_SCALE: VAR{0.25%sqr(80.352+91.153)}

EVENT_GENERATION_MODE: Weighted

EW_SCHEME: Gmu
GF: 0.0000116638
WIDTH_SCHEME: Fixed

PARTICLE_DATA:
24:
Mass: 80.352
Width: 0
23:
Mass: 91.153
Width: 0

COMIX_DEFAULT_GAUGE: 0

HARD_DECAYS:
Enabled: true
Mass__Smearing: 1
Channels:
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24,12,—11: {Status: 2}

23,13,—13: {Status: 2}
Pol_Cross_Section:

Enabled: true

Spin_Basis: Helicity

Reference_System: [Lab, COM]

Weightl: 2

Weight2: 3

PROCESSES:
— 93 93 —> 24 23 93{1}:
Order: {QCD: 0, EW: 2}
KKW: 20 #40, 80, 200, 500, 1000

ANALYSIS: Rivet
RIVET:
—analyses:
- MC_WZ_NLOQOD
- MC_WZ_NLOQOD:PHASESPACE=FIDUCIAL
—ignore—beams: 1
USE_HEPMC_SHORT: 1

# Sherpa configuration for inclusive W+Z production @nLO QCD with
shower

BEAMS: 2212

BEAM_ENERGIES: 6500

ME_GENERATORS:
- Comix
- Amegic
- OpenLoops

PDF_LIBRARY: LHAPDFSherpa
PDF_SET: NNPDF31_nlo_as_0118
ALPHAS: {USE_PDF: 1}

# for nLO+PS simulations performed to compare with merged

calculations
#MEPS :
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# CORE_SCALE: VAR{0.25%sqr(80.352+91.153)}

# Scale setting for comparison with fixed order calculations

SCALES: METS{0.25%sqr (80.352+91.153)}
EVENT_GENERATION_MODE: Weighted

EW_SCHEME: Gmu
GF: 0.0000116638
WIDTH_SCHEME: Fixed

PARTICLE_DATA:
24:
Mass: 80.352
Width: 0
23:
Mass: 91.153
Width: 0

# speed and neg weight fraction improvements

NLO_CSS_PSMODE: 2
COMIX_DEFAULT_GAUGE: 0

HARD_DECAYS:
Enabled: true
Mass_Smearing: 1
Channels:
24,12,—11: {Status: 2}
23,13,—13: {Status: 2}
Pol_Cross_Section:
Enabled: true
Spin_Basis: Helicity
Reference_System: [Lab, COM]
Weightl: 2
Weight2: 3

# pp -> WZ @GNLO, matching to shower with MCGQNLO
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PROCESSES:

— 93 93 — 24 23:
Order: {QCD: 0, EW: 2}
NLO_Mode: MC@NLO
NLO_Order: {QCD: 1, EW: 0}
ME_Generator: Amegic
RS_ME__Generator: Comix
Loop__Generator: OpenlLoops

ANALYSIS: Rivet
RIVET:
—analyses:
- MC_WZ_NLOQCD
- MC_WZ_NLOQOD:PHASESPACE=FIDUCIAL
—ignore—beams: 1
USE_HEPMC_SHORT: 1

# Sherpa configuration for the full inclusive WZ production at NLO

+PS accuracy and for up to one jet merged with PS calculations

BEAMS: 2212
BEAM_ENERGIES: 6500

ME_GENERATORS:
- Comix
- Amegic

- OpenLoops

PDF_LIBRARY: LHAPDFSherpa
PDF_SET: NNPDF31_nlo_as_0118
ALPHAS: {USE_PDF: 1}

# for merged setups and nLO+PS simulations performed to compare
with merged calculations

#MEPS :

# CORE_SCALE: VAR{0.25%sqr (80.352+91.153)}

# Scale setting for comparison with fixed order calculations

SCALES: METS{0.25%sqr (80.352+91.153)}
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EVENT_GENERATION_MODE: Weighted

EW_SCHEME: Gmu
G_MU: 0.0000116638
GMU_CMS_AQED_CONVENTION: 4

PARTICLE_DATA:
24:
Width: 2.084
Mass: 80.352
23:
Width: 2.4943
Mass: 91.153

NLO_CSS_PSMODE: 2
COMIX_DEFAULT_GAUGE: 0

# PROCESSES section for full NLO+PS calculation
PROCESSES:
— 93 93 — —11 12 13 —13:

Order: {QCD: 0, BEW: 4}

NLO_Mode: MCGNLO

NLO_Order: {QCD: 1, EW: 0}

ME_Generator: Amegic

RS_ME_Generator: Comix

Loop_Generator: OpenlLoops

# PROCESSES section for merged setups
#PROCESSES :

#- 93 93 -> -11 12 13 -13 93{1}:

# Order: {QCD: 0, EW: 4}

# CKKW: 20 # 40 80 200 500 1000

SELECTORS:
— [PT, —11, 10, E_CMS]
— [PT, 13, 5, E_CMS]
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— [PT, —13, 5, E_CMS]
— [Y, 90, —5.0, 5.0]
— [Mass, 13, —13, 71, 111]

ANALYSIS: Rivet
RIVET:
—analyses:
- MC_WZ_NLOQCD
- MC_WZ_NLOQOD:PHASESPACE=FIDUCIAL
—ignore—beams: 1
USE_HEPMC_SHORT: 1




D Supplementary data

D.1 Further observables studied for the validation of the new

polarization feature at fixed LO

In this section, distributions for further observables are given which are compared with literature
predictions to validate the new polarization feature at fixed LO. They come from the same
simulations as the distributions shown in Chap. 5 which should be consulted for information
about simulation parameters and phase space definition. Fig. D.1 displays further observables
for the WHTW™jj process, Fig. D.2 for the WTW™jj process and Fig. D.3 those for the ZZjj
process. Corresponding literature predictions can be found in Ref. [58] for the W W~jj process,
in Ref. [76] for the WTWTjj process and in Ref. [59] for the ZZjj process.
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Figure D.1: Single-polarized distributions of the transverse momentum of the electron p, .-
(top) and of the W™ boson pseudorapidity 'V (bottom) for the W W~jj process obtained
with the new SHERPA implementation at fixed leading order; the W+ boson is considered
as unpolarized, the polarization is defined in the laboratory frame (lab), simulations are
done in the fiducial phase space according to Sec. 5.2.



D.1 Further observables studied for the validation of the new polarization feature at fixed 120

Azimuthal angle difference between the two leading leptons Transverse momentum of the positron
’E Er o ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ i '; FT T T T T T T ‘ T T T T ‘ T T T T ‘ T [
— E—t+— full DIFFERENTIAL CROSS-SECTIONS _-| ¢ B DIFFERENTIAL CROSS-SECTIONS |
— 08 [ = 0 -
< E TWH ] DN
S op i i Wi e eom) & e ] o] .
E E W[ W[ (lab) B —+' E _r—|_‘_‘ E
S 06 BT WEW + Wi W (lab) = o E = 3
E Wi Wi (com) B _@- F 4
05 =t Wi Wy (com) =4 3 = L ]
04 = T o = —
e B E —+ full T —=
c | = s | -
0.3 — — F—t— Wi (lab) = 7
£ 3 H + = 4
i T~ W (lab) = ]
E E W1 (com) =
01| S e e e W (eom) e
S ETRTTI TR B SR R oo by e b g
o T ‘ L ‘ L ‘ L ‘ L ‘ L ‘ H ET T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T L=
1.1 £~ RATIO OVER FULL - 1.1 £~ RATIO OVER FULL —
o 1:05 E —t— unpol —+— polsum(lab) polsum(com)  _3 o 1.05 E =
- EIE- B - e S
S S e M e e S it b I B— R s S o e e e SR
S = = e e ol
0.95 Br M e o e — 0.95 E-— e 3
09 E 3 0.9 E— 1 unpol —+— polsum(lab) polsum(com) 3
Evvv b b b b L 14 Lo Ly ol T R
o 0.5 1 1.5 2 2.5 3 50 100 150 200
Ay Pre+ [GeV]

Figure D.2: Double-polarized distributions of the azimuthal angle difference between the
two charged leptons Agy(left) and single-polarized distributions of the transverse momentum
of the positron p, .+ (right) for the WTWTjj process obtained with the new SHERPA
implementation at fixed leading order; for the single-polarized distribution the W boson
decaying into eTv, has a definite polarization state, the other W' boson decaying into
pv, is kept unpolarized. Distributions are computed with polarization defined in the
WTWT_center of mass frame (com) and the laboratory frame (lab) assuming the fiducial
phase space described in Sec. 5.2. In each sub-plot, the polarized differential distributions
are shown at the top and the ratios over the full off-shell result are presented at the bottom.
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Figure D.3: Single-polarized distributions of the pseudorapidity (left) and in the transverse
momentum (right) of the Z decaying into eTe™ 7%® and p%° for the ZZjj process obtained
with the new SHERPA implementation at fixed leading order; the Z boson decaying into
ptu~ is considered as unpolarized, the polarization is defined in the laboratory frame (lab),
simulations are done in the fiducial phase space according to Sec. 5.2.
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D.2 Supplementary data to the study of NLO QCD

corrections for inclusive W*Z production from SHERPA

D.2.1 Integrated cross sections and decay angle distributions for the
inclusive W' Z-production process at LO+PS from SHERPA

In this section, SHERPA integrated cross sections for the inclusive W' Z production process at
LO+PS accuracy are given in Tab. D.1. They are used to calculate the K factors in Sec. 6.2.2.
Furthermore, lepton decay angle distributions for the W'- and the Z-boson are displayed
obtained, from SHERPA calculations at fixed LO and LO+PS to show the influence of the
shower on these distributions (Fig. D.4). The applied simulation setups are very similar to
those used for the nLO QCD+PS and merged calculations, see Appendix C.3 for details.

Table D.1: Integrated cross sections for the inclusive W' Z production process at LO+PS
with polarization defined in the laboratory frame (Lab) and the W Z-center-of-mass frame
(COM); results are computed in the fiducial phase space from Sec. 6.2.2; polarization fractions
are calculated relative to the polsum result, interference fractions relative to the unpol.

W*Z  opa [fb]  fraction (%] ocom [fb]  fraction [%]
unpol  18.527(9) 18.527(9)

polsum 18.418(11) 100 18.121(10) 100

int 0.109(5)  0.587(26)  0.407(4)  2.194(23)

L-L 1.0461(12) 5.680(7) 1.4593(17) 8.053(11)
L-T  3.0529(31) 16.575(19)  1.9358(17) 10.683(11)
T-L  4.2046(35) 22.829(23) 1.7845(16) 9.848(10)
T-T  10.114(6)  54.92(5) 12.941(8)  71.42(6)

D.2.2 Further observables for the comparison of SHERPA’s nLO
QCD+PS polarization setup with NLO QCD fixed-order literature

calculations

Fig. D.5 presents polarized distributions of observables for the inclusive W*Z production
process which has been studied to compare SHERPA’s nLO QCD+PS polarization setup with
NLO QCD fixed-order calculations in addition to the distributions already shown in Sec. 6.2.2.
Only the SHERPA results are displayed here, the corresponding literature distributions can be
found in Ref. [86].
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D.2.3 Cross sections and K-factors for merging scale at 1 TeV

Table D.2: Integrated cross sections for the simulation of inclusive WtZ production
with up to one jet merged to parton shower at leading order; polarized cross sections,
polarization fractions and K factors (K) for CKKW-merging scales Q.=1000 GeV are shown,
all predictions are obtained with SHERPA; polarizations are defined in the laboratory and
the W' Z-center-of-mass frame, K factors are obtained from dividing merged by LO cross
sections, statistical errors on the K-factors are of the order of O(1073), except for the
interference (O(1071)).

Wz S [fb]  fraction [%] K Gea (] fraction [%] K
Laboratory frame W Z-center-of-mass frame
unpol  18.453(10) 100 0.99 18.453(10) 100 0.99
polsum 18.339(11) 99.38(8) 0.99 18.049(11) 97.81(8) 0.99
int 0.114(5) 0.618(28) 1.16(16) 0.403(5) 2.185(25) 1.030(31)
L-L 1.0376(12) 5.623(7) 0.99 1.4488(19) 7.851(11) 0.99
L-T 3.0311(34) 16.426(20)  0.99 1.9413(18) 10.520(11)  1.00
T-L 4.202(4) 22.770(24)  0.99 1.7916(18) 9.709(11) 1.00
T-T 10.068(7) 54.56(5) 0.99 12.867(8) 69.73(6) 0.99
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Figure D.4: Double-polarized distributions of the lepton decay angles cos 6* in inclusive
W*Z production from fixed LO and LO+PS calculations with SHERPA, top: anti-muon
decay angle (decay product of the Z boson), bottom: decay angle of the positron (decay
product of the W boson) with polarization defined in the Lab, top of each subfigure displays
the polarized distributions for fixed LO and LO+PS calculations, bottom of each subfigure
contains the ratio LO+PS/LO to show potential shower effects; vector boson polarization is
defined in the laboratory frame (Lab) (left) and in the W™ Z-center-of-mass frame (COM)
(right).
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Figure D.5: Double-polarized distributions of the positron decay angle cosf.+ (bottom),
the cosine of the angle and the azimuthal angle difference between positron and muon
€08 O+~ (top) and Ad.+,— (middle) in inclusive W*Z production obtained with SHERPA
at nLO(QCD)+PS accuracy; polarization is defined in the laboratory (left) or W Z-center-
of-mass-frame (right); simulation parameter and phase space are chosen identical to Ref. [86].
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D.2.4 Merged calculation approximation to nLO+PS result and
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Figure D.6: Double-polarized distributions of the charged lepton decay angle of the W+
boson cos 67, for the inclusive Wt Z-production process; results obtained with LO+1j merged
calculations with CKKW-merging scales of 20 and 40 GeV are shown in comparison with
results at nLO(QCD)+PS accuracy; distributions are computed with SHERPA, vector
boson polarization is defined in the laboratory frame (left) and the W' Z-center-of-mass
frame (right), in each subfigure from top to down are shown: differential distributions, ratio
Q. = 20 GeV over nLO(QCD)+PS results, ratio Q. = 40 GeV / Q. = 20 GeV.
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Figure D.7: Normalized double-polarized distributions of the azimuthal angle difference
between positron and muon A®.4 - for inclusive W Z-production for different polarization
combinations from nLO(QCD)+PS, LO+PS and LO+1j merged with PS simulations with
SHERPA; polarization is defined in the laboratory (Lab) ((a)-(d)) and in the W Z-center-
of-mass frame (COM) ((e)-(h)).
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Figure D.8: Normalized double-polarized distributions of the muon transverse momen-
tum p, ,- for inclusive Wt Z-production for different polarization combinations from
nLO(QCD)+PS, LO+PS and LO+1j merged with PS simulations with SHERPA; po-
larization is defined in the laboratory (Lab) ((a)-(d)) and in the W Z-center-of-mass frame
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Figure D.9: Double-polarized distributions of the positron rapidity .+ and the anti-muon
decay angle cos 0;* for the inclusive W Z-production process; results obtained with LO+1j

merged calculations with CKKW-merging scales of 20 and 40 GeV are shown in comparison
with results at nLO(QCD)+PS accuracy; distributions are computed with SHERPA, vector
boson polarization is defined in the laboratory frame (left) and the W Z-center-of-mass
frame (right), in each subfigure from top to down are shown: differential distributions, ratio
Q. = 20 GeV over nLO(QCD)+PS results, ratio Q. = 40 GeV / Q. = 20 GeV.
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Figure D.10: Double-polarized distributions of the angle between differently charged
leptons cos 6+, for the inclusive W Z-production process; results obtained with LO+1j
merged calculations with CKKW-merging scales of 20 and 40 GeV are shown in comparison
with results at nLO(QCD)+PS accuracy; distributions are computed with SHERPA, vector
boson polarization is defined in the laboratory frame (left) and the W Z-center-of-mass
frame (right), in each subfigure from top to down are shown: differential distributions, ratio
Q. = 20 GeV over nLO(QCD)+PS results, ratio Q. = 40 GeV / Q. = 20 GeV.
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D.3 Supplementary data to the study of the influence of the
polarization definition on polarized cross sections for

VBS processes at fixed LO

D.3.1 Integrated cross sections for the four investigated VBS-processes
at fixed LO

In this section, the cross sections associated to Fig. 6.1 are given obtained with SHERPA in the
comparison phase space from Sec. 6.1.1. For each process, two unpol results are displayed for
results in the fiducial phase space since single- and double-polarized cross sections are obtained
from two different simulations runs. It is not actually necessary to run two simulations for the
two different types of signals. This was only necessary here because the definition of partially

unpolarized signals has been changed in the meantime.

Table D.3: Integrated cross sections for the ZZjj process at fixed leading order with
polarization defined in the laboratory (Lab), the ZZ-center-of-mass frame (COM) and
the parton-parton frame (PPFr); results are computed with SHERPA in the comparison
phase space from Sec. 6.1.1; polarization fractions are calculated relative to the unpolarized
result, for single-polarized distributions, the Z boson decaying into an electron-positron
pair is considered as polarized; R denotes the ratio of the cross section in the COM, PPFr
polarization definition relative to the cross section in the Lab.

77 oLab [fb] fraction [%] ocowm [fb] fraction [%] R opprr [fb] fraction [%] R
full 0.060987(27)
Single-polarized cross sections
unpol 0.06116(4)
int 0.001712(24) 2.80(4) 0.001712(23) 2.80(4) 1.0 0.001895(24) 3.10(4) 1.11
Zyight 0.016143(14) 26.394(28)  0.017068(15) 27.906(29) 1.06 0.016558(15) 27.071(29) 1.03
Lot 0.027079(21)  44.27(4) 0.027401(21)  44.80(4) 1.01  0.027516(21) 44.99(4) 1.02
Ziong 0.016230(15) 26.536(29)  0.014984(14) 24.498(27)  0.92 0.015195(14) 24.843(28) 0.94
Double-polarized cross sections
unpol 0.061143(33)
polsum 0.05773(4) 94.42(9) 0.05771(4) 94.39(9) 1.00 0.05737(4) 93.82(9) 0.99
int 0.003399(31) 5.56(5) 0.003434(31) 5.62(5) 1.01  0.003782(31) 6.19(5) 1.11
L-L 0.004518(7)  7.388(12) 0.005492(8)  8.982(14) 1.22  0.003992(6)  6.528(11) 0.88
T-L+L-T 0.022584(20) 36.94(4) 0.018340(17) 29.996(32)  0.81 0.021562(19) 35.27(4) 0.95
T-T 0.030629(26)  50.09(5) 0.033880(29) 55.41(6) 1.11  0.031812(27) 52.03(5) 1.04
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Table D.4: Integrated cross sections for the WTWTjj process at fixed leading order with
polarization defined in the laboratory (Lab), the W WTjj-center-of-mass frame (COM) and
the parton-parton frame (PPFr); results are computed with SHERPA in the comparison
phase space from Sec. 6.1.1 with (fiducial) and without (inclusive) lepton selection criteria;
polarization fractions are calculated relative to the unpolarized result; for single-polarized
distributions, the W boson decaying into an positron-neutrino pair is considered as polarized;
R denotes the ratio of the cross section in the COM, PPFr polarization definition relative to
the cross section in the Lab.

WHw+ oLab [fb] fraction [%] ocom [fb] fraction [%] R opprr [fb] fraction [%] R

Inclusive phase space

unpol 2.5594(12)

Single-polarized cross sections
Wjight 0.6875(7) 26.863(30)  0.7022(7) 27.438(31) 1.02  0.7047(7) 27.533(31)  1.03
Wit 1.1973(9) 46.78(4) 1.1906(9) 46.52(4) 0.99 1.2156(9) 47.49(4) 1.02

Wl‘gng 0.6712(6) 26.226(26)  0.6633(6) 25.918(25) 0.99 0.6359(5) 24.844(24)  0.95
Double-polarized cross sections
L-L 0.17491(28) 6.834(11) 0.24718(34) 9.658(14) 1.41 0.16099(25) 6.290(10) 0.92
T-L+L-T 0.9920(10)  38.76(4) 0.8313(8) 32.481(34) 0.84 0.9491(9) 37.08(4) 0.96
T-T 1.3889(13)  54.27(6) 1.4767(14)  57.70(6) 1.06 1.4457(14)  56.49(6) 1.04
Fiducial phase space
full 1.2961(7)
Single-polarized cross sections
unpol 1.2829(8)
int 0.0067(8) 0.53(6) 0.0047(8) 0.37(6) 0.7 0.0097(8) 0.76(6) 1.45
W:;ght 0.3731(5) 29.09(4) 0.3859(5) 30.08(4) 1.03  0.3814(5) 29.73(4) 1.02
Wl‘gft 0.5758(6) 44.88(6) 0.5692(6) 44.37(6) 0.99 0.5810(6) 45.29(6) 1.01
Wing 0.3272(4) 25.506(34)  0.3231(4) 25.182(32) 0.99 0.3107(4) 24.221(31)  0.95
Double-polarized cross sections
unpol 1.2843(6)
polsum 1.2698(11)  98.88(10) 1.2733(11)  99.14(10) 1.00 1.2638(11)  98.40(10) 1.00
int 0.0144(9) 1.12(7) 0.0110(9) 0.86(7) 0.76  0.0205(9) 1.60(7) 1.42
L-L 0.08139(13) 6.338(10) 0.11817(17) 9.202(14) 1.45 0.07531(12) 5.864(10) 0.93

T-L+L-T 0.4877(5)  37.98(4) 0.4126(4)  32.13(4) 0.85 0.4657(5)  36.26(4) 0.95
T-T 0.7007(7)  54.56(6) 0.7424(7)  57.81(6) 1.06 0.7228(7)  56.28(6) 1.03
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Table D.5: Integrated cross sections for the W W™jj process at fixed leading order with
polarization defined in the laboratory (Lab), the W W~ jj-center-of-mass frame (COM) and
the parton-parton frame (PPFr); results are computed with SHERPA in the comparison
phase space from Sec. 6.1.1 with (fiducial) and without (inclusive) lepton selection criteria;
polarization fractions are calculated relative to the unpolarized result, R denotes the ratio
of the cross section in the COM, PPFr polarization definition relative to the cross section in
the Lab.

WTW™  opap, [fb] fraction (%] ocom [fb] fraction [%] R oppry [fb] fraction [%] R
Inclusive phase space
unpol 3.7267(11)
Single-polarized cross sections
W;Eght 1.0202(6) 27.376(19) 1.0372(7) 27.832(19) 1.02  1.0454(6) 28.052(19) 1.02
Wit 1.7956(8) 48.181(26) 1.7856(8) 47.913(26)  0.99 1.8244(8) 48.953(26) 1.02
ngng 0.9115(6) 24.458(17)  0.9045(6) 24.271(17)  0.99 0.8576(5) 23.013(16) 0.94
Wiight 1.0517(7) 28.220(20) 1.0633(7) 28.532(19) 1.01  1.0738(7) 28.815(20) 1.02
Wios 1.7396(8) 46.678(25) 1.7195(8) 46.139(26)  0.99 1.7637(8) 47.325(26) 1.01
Wione 0.9346(5) 25.077(16)  0.9429(5) 25.301(16) 1.01  0.8880(5) 23.828(15)  0.95
Double-polarized cross sections
L-L 0.23313(29) 6.256(8) 0.28843(31) 7.739(9) 1.24  0.21084(28) 5.658(8) 0.90
L-T 0.6783(6) 18.200(17)  0.6162(6) 16.535(16)  0.91  0.6471(6) 17.363(16)  0.95
T-L 0.7015(5) 18.823(15)  0.6544(5) 17.561(14)  0.93 0.6774(5) 18.177(15)  0.97
T-T 2.1136(13)  56.72(4) 2.1674(12)  58.16(4) 1.03  2.1911(13)  58.80(4) 1.04
Fiducial phase space
full 1.8850(12)
Single-polarized cross sections
unpol 1.8642(7)
int 0.0091(7) 0.49(4) 0.0109(7) 0.59(4) 1.20  0.0139(7) 0.74(4) 1.53
qught 0.5290(4) 28.377(24)  0.5415(4) 29.047(24) 1.02  0.5408(4) 29.009(25) 1.02
Wik 0.8944(6) 47.98(4) 0.8810(5) 47.258(34)  0.99 0.9039(6) 48.488(35) 1.01
ngng 0.43170(35) 23.158(21)  0.43075(35) 23.107(20) 1.00 0.40561(33) 21.758(19) 0.94
int 0.0301(8) 1.61(4) 0.0270(7) 1.45(4) 0.9 0.0316(7) 1.70(4) 1.05
W ight 0.4998(5) 26.808(28)  0.4993(5) 26.783(27) 1.00  0.5065(5) 27.170(27) 1.01
Wios 0.8937(5) 47.943(33)  0.8908(5) 47.785(33) 1.00  0.9050(5) 48.545(33) 1.01
Wiong 0.44061(34) 23.636(20)  0.44707(34) 23.982(20) 1.01  0.42111(31) 22.590(19)  0.96
Double-polarized cross sections
unpol 1.8657(6)
polsum  1.8219(11)  97.65(6) 1.8246(11)  97.80(6) 1.00 1.8151(10)  97.29(6) 1.00
int 0.0438(9) 2.35(5) 0.0411(9) 2.20(5) 0.94 0.0506(9) 2.71(5) 1.16
L-L 0.10594(12) 5.678(7) 0.13378(15) 7.171(9) 1.26  0.09632(12) 5.163(6) 0.91
L-T 0.31912(29) 17.104(17)  0.29396(29) 15.756(16)  0.92 0.30293(28) 16.237(16)  0.95
T-L 0.33294(30) 17.845(17)  0.31356(30) 16.806(17)  0.94 0.32144(29) 17.229(17)  0.97
T-T 1.0639(7) 57.02(4) 1.0833(7) 58.06(4) 1.02  1.0944(7) 58.66(4) 1.03
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Table D.6: Integrated cross sections for the W'Zjj process at fixed leading order with
polarization defined in the laboratory (Lab), the W Zjj-center-of-mass frame (COM) and
the parton-parton frame (PPFr); results are computed with SHERPA in the comparison
phase space from Sec. 6.1.1; polarization fractions are calculated relative to the unpolarized
result, R denotes the ratio of the cross section in the COM, PPFr polarization definition
relative to the cross section in the Lab.

Wtz oLab [fb] fraction (%] ocowm [fb] fraction [%] R oppry [fb] fraction [%] R
full 0.16604(13)
Single-polarized cross sections

unpol 0.16645(10)

int 0.00385(8) 2.31(5) 0.00340(8) 2.04(5) 0.88  0.00428(8) 2.57(5) 1.11
W:;ght 0.03129(4) 18.799(29)  0.03263(5) 19.607(31) 1.04 0.03158(4) 18.975(29) 1.01
Wi, 0.09790(8) 58.82(6) 0.09511(8) 57.14(6) 0.97 0.09858(8) 59.23(6) 1.01
Wgng 0.03340(4) 20.069(28)  0.03529(4) 21.205(29) 1.06  0.03199(4) 19.217(26)  0.96
int 0.00396(9) 2.38(5) 0.00332(8) 1.99(5) 0.84 0.00439(9) 2.64(5) 1.11
Zright 0.04098(5) 24.624(33)  0.04095(5) 24.605(32) 1 0.04182(5) 25.126(33) 1.02
Liett 0.07798(6) 46.85(5) 0.07615(6) 45.75(5) 0.98 0.07898(6) 47.45(5) 1.01
Ziong 0.04352(5) 26.150(32)  0.04602(5) 27.65(4) 1.06  0.04125(5) 24.782(31)  0.95

Double-polarized cross sections

unpol 0.16675(8)

polsum 0.15899(11)  95.35(8) 0.16009(11)  96.01(8) 1.01 0.15816(11)  94.85(8) 0.99
int 0.00776(8) 4.65(5) 0.00665(8) 3.99(5) 0.86 0.00794(8) 4.76(5) 1.02
L-L 0.009019(15) 5.409(9) 0.011114(18) 6.665(11) 1.23  0.008309(13) 4.983(8) 0.92
L-T 0.023529(29) 14.111(19)  0.023624(28) 14.168(18)  1.00 0.022824(28) 13.688(18)  0.97
T-L 0.033568(35) 20.131(23)  0.034248(35) 20.539(23) 1.02  0.031953(32) 19.163(21)  0.95
T-T 0.09287(7) 55.69(5) 0.09110(7) 54.64(5) 0.98  0.09507(7) 57.02(5) 1.02
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D.3.2 Further observables

pp — ete utuTjj @LO, /s =13 TeV (Lab & ZZ-COM polarization) pp — ptvuetejj @LO, /s =13 TeV (Lab & PPFr polarization)
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Figure D.12: Examples for transverse momenta distributions for different reference frames,
the left figure displays the single-polarized distributions of the Z boson transverse momentum
P17z in the ZZjj process for polarization defined in the laboratory (lab) and the ZZ-center-
of-mass frame (com), the Z boson decaying into an electron-positron pair is assumed to be
polarized; in the right figure, the double-polarized distributions of the transverse momentum
of the anti-muon p, ,+ for the WTZjj process are shown for polarization defined in the
laboratory (lab) and the parton-parton frame (ppfr); distributions are obtained with SHERPA
in the comparison phase space introduced in Sec. 6.1.1 at fixed leading order.
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pp — e vepvjj @LO, /s =13 TeV (Lab & WW-COM polarization)
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Figure D.13: Example distributions for the my distributions: Single-polarized distributions
of the positron anti-muon invariant mass m,+,+ for the WTWHjj process for polarization
defined in the laboratory (lab) and the W W -center-of-mass frame (com), the W+ boson
decaying into a positron-neutrino pair is assumed to be polarized; distributions are obtained
with SHERPA in the comparison phase space introduced in Sec. 6.1.1 at fixed leading order.
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Figure D.14: Double-polarized pseudorapidity distributions of the W bosons 7w in the
WTWTjj, the WTW™jj and the WZjj process obtained with SHERPA in the comparison
phase space introduced in Sec. 6.1.1 at fixed leading order, the polarization is defined in the
laboratory (lab) and the parton-parton frame (ppfr)
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Figure D.15: Polarized Z boson pseudorapidity distributions 7z for the WtZjj (a) and the
Z7jj ((b), (c)) process as well as polarized positron pseudorapidity distributions 7.+ (d) for
the ZZjj process; all distributions are obtained with SHERPA at fixed leading order in the
comparison phase space introduced in Sec. 6.1.1; for the single-polarized distributions (c),
the Z boson decaying into an electron-positron pair is considered as polarized.
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Figure D.16: Single-polarized azimuthal angle difference between charged leptons from
different vector bosons A®.+,,+ in the WTWTij, the ZZjj and the WTZjj process obtained
with SHERPA in the comparison phase space introduced in Sec. 6.1.1 at fixed leading order,
the polarization is defined in the laboratory (lab) and the vector boson pair center-of-mass
frame (com); for the results of the WFWTjj and the ZZjj processes the vectors bosons
decaying into the electron flavor decay channel are considered as polarized.
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Figure D.17: Single-polarized distributions of the electron decay angle cos¢_ for the ZZjj
process at fixed leading order with polarization defined in the laboratory (lab), ZZ-center-
of-mass (com) and the parton-parton-frame (ppfr); results are obtained with SHERPA in
the comparison phase space introduced in Sec. 6.1.1, the Z boson decaying into an electron-

positron-pair is considered

to be polarized.
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